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Abstract
A hundred years passed since the discovery of superconductivity, but it is only
during last decades superconductors transformed from exotic object for physical
experiments to practically promising materials. During this time new theoretical
concepts, measurement techniques and fabrication methods were invented in order
to study these materials. New types of superconductors were discovered. It is
hard to overestimate current impact of superconductivity in modern life: the most
sensitive devices (SQUIDs) based on Josephson effect, loss-free cables for electric
networks in Tokyo and New York, high-speed levitating trains in China and Japan,
high-field magnets for magneto-resonance imaging and power generators, and other
applications have become available.
One of the most popular and well studied superconducting material is a YBa2 Cu3 O7
(YBCO) high-temperature superconductor (HTSC). High working temperatures,
high transport currents and technological effectiveness enable a potential of YBCO
application in all possible areas from industrial power applications to microelectronics. Hence, a technological control or enhancement of YBCO performance is
of current importance. Moreover, well studied YBCO is a good model material
to study some physical aspects of HTSC behaviour which are not answered or not
quantified.
Enhancement of superconducting properties or even novel physical effects can
be obtained combining superconducting and ferromagnetic materials (so-called hybrids). FePt ferromagnetic material is of a particular interest for application in highfield hybrids because of high coercive force and magnetic anisotropy. In addition
FePt is promising for “traditional” applications of ferromagnets, such as magnetic
recording media, micro-electro mechanical systems or high energy product magnets.
However, high degree of technological control is required in order to reach necessary
performance of FePt.
Functional materials, such as YBCO or FePt, demonstrate their best perfor-
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mance or reveal certain physical effects in form of thin films. In this work large
degree of control on structure of quasi-single crystal superconducting YBCO thin
films and hard ferromagnetic L10 -FePt thin films is demonstrated simply by varying
laser frequency of pulsed laser deposition. Significant structural modifications have
been obtained for the films of constant thicknesses. These modifications are shown
to dramatically affect corresponding physical properties of thin films.
In particular, critical temperature of YBCO thin films is shown to decrease with
laser frequency. Moreover, a strong dependence on the laser frequency is discovered
for the critical current density behaviour as a function of the applied magnetic field
(Jc (Ba )) of YBCO films with the unexpected reversal of Jc (Ba ) curves with temperature. The mechanisms of structure modifications of YBCO films and corresponding
properties variations are discussed.
In case of FePt thin films the experimental dependence of structure on laser
frequency demonstrates the opposite growth development to the trend reported for
the modulated flux in the literature. A theoretical model based on the mean field
approach is developed, which quantitatively describes the structural changes obtained experimentally. Structure modulation of FePt thin films obtained by varying
laser frequency result in modification of demagnetization mechanism and subsequent
20-fold increase of coercive field. A sensitivity of physical properties to structure
variation provides an instrumental ability for tuning the practical characteristics of
these films by changing the laser frequency of their deposition.
One of the most practically important characteristics of any superconductor is
a critical current dependence on applied magnetic field (Jc (Ba )). Relatively high
working temperature of YBCO modifies the concepts of critical current and vortex
pinning, making description of Jc (Ba ) more sophisticated. A new model of critical
current density for high-quality YBCO thin films has been proposed, combining
thermally activated flux creep with a vortex pinning on columnar defects. The
pinning for thermally activated vortices has been described as a strong pinning
on chains of individual edge dislocations that form low-angle domain boundaries
in pulsed laser deposited high-quality YBCO thin films. An electric field criteria
(Ecr ) introduced into the model allows to apply it for description of critical current
obtained by different measurement techniques. In addition, the dependence of the
irreversibility field on the Ecr criterion can be obtained within the model.
The dependences Jc (Ba ) for high-quality YBCO thin films over the entire applied magnetic field range were obtained using MPMS, VSM PPMS and four-probe
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method. Thus, the measurements of Jc (Ba ) were done employing Ecr varied in 9
order of magnitude range. Transport current and quasi-equilibrium magnetization
measurement data were successfully fitted by the developed model with appropriate
electric field criteria. Hence, for the first time the model consolidates substantially
different Jc (Ba ) dependences of YBCO thin films obtained by different measurement techniques. At the same time the dynamic magnetization measurements of
the Jc (Ba ) obtained using VSM strongly depend on instrumentally defined parameters, introducing inconsistencies in the experimental results. The model calculations
are able to explain the Jc (Ba ) curves only if the instrumental vibrations affecting
vortex behaviour are minimised.
Further, a systematic study on the behaviour of superconductors with varied
VSM settings (frequency f and amplitude A of vibration) is presented. It was shown
that the vibration affects critical currents of all possible types of superconductors
during their measurement employing VSM magnetometer regardless geometry of
the sample, vortex pinning properties or measurement temperature. Enhancement
of vibration frequency or amplitude leads to a progressive reduction of critical current density with applied magnetic field. The vibration effect is more intense for
thin films, it is responsible for development of unexpected kinks on Jc (Ba ) curves
in thin films. The study of magnetic moment dependence of YBCO film on applied
magnetic field measured at different VSM settings revealed the asymmetry of the
vibration effect on ascending and descending magnetic field branches of magnetization, indicating uneven states of vortex lattice in these branches. In addition,
certain thermal response of magnetization to vibration with high f and A was detected. Investigation of magnetization relaxation process of YBCO film showed that
the vibration effect in general can be interpreted as a suppressed pinning potential
where the thermal response is one of the sources for pinning reduction. Critical current measurements in YBCO film using VSM with magnetic field sweep rate scaled
with vibration frequency (f /(dBa /dt)) revealed a strong nonthermal effect of vibration on dynamics of vortices. The vibration effect, reducing the Jc (Ba ), decreases
irreversibility field of YBCO thin films. It was demonstrated how a technically de∗
fined irreversibility field Birr
can be a useful characteristic that reflects the vibration
effect on entire Jc (Ba ) dependence.
It was discussed that the effect of vibration on magnetization, relaxation of
magnetization, critical current and irreversibility field is governed by thermal and
magnetic fluctuations of vortex structure in oscillating superconducting sample. The
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role of thermal fluctuations is relatively small: estimated enhancement of temperature induced by vibration does not exceed 1 K. The major impact is expected
from magnetic fluctuations, which promote relaxation of vortex lattice in sweeping magnetic field, reduce effectively the pinning potential and degrade the critical
current. The mechanism of forced relaxation is expected to be similar to “vortex
shaking” mechanism where magnetic periodic perturbations create local ac currents
and “shake” vortices out of pinning centres.
In order to understand a microscopic nature of vibration effect on YBCO film,
a behaviour of vortices in 300 nm YBCO film in 1 T and 2 T of applied magnetic
field and 77 K were simulated employing Langeving molecular dynamic simulation.
In general, results of simulations confirmed a dominating role of out-of-plane dislocations of relatively low density in establishing the critical current of YBCO films;
weak pinning centres of much higher density have only marginal effect. Depinning currents obtained in simulated magnetic fields without vibration are in a good
agreement with critical currents measured by VSM. Vibration at 1 T makes interaction of vortices with weaker pinning centres completely negligible, while pinning
on out-of-plane dislocations still is effective. Shaking of vortices in 2 T decreases
depinning current more substantially then at 1 T, assisting to depinning from all
kinds of pinning centres including dislocations. In addition, shaking induces a peak
effect behaviour of I-V characteristic. The origin of peak effect (vortex lattice orderdisorder transition vs. matching effect) is determined by applied magnetic field.
This difference in vortex behaviour is responsible for switching the Jc (Ba ) trend at
magnetic field of the kink developed by vibration of YBCO film.
Finally it was noticed, that vibration of Nb film subjected to flux jumps reduce
magnetization (Mf j ) and enhance the field second magnetization peak (BSM P ).
The increase of BSM P implies that vibration induces transition from critical state
to undercritical flux jump mediated state. Behaviour of Mf j and BSM P together
with other evidences presented justify the self-organised criticality nature of flux
jumps in Nb films during magnetometery (represented by a sandpile) instead of
commonly assumed thermo-magnetic instability origin. A simple expression for
fitting Mf j (Ba ) affected by vibration was designed considering avalanche process
in a flow-like regime. Fitting of Mf j (Ba ) allowed to estimate a nonuniformity of
magnetic field in a sample space (∼ 10−5 ).
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Chapter 1
Introduction
1.1

Brief introduction to superconductivity

Superconductivity was discovered in 1911 in the Leiden laboratory of Kamerlingh
Onnes. During study of electrical resistivity in different metals as a function of
temperature, an abrupt drop of resistivity in Hg metal was observed at temperature
4.15 K. Soon after this discovery the same sharp decrease of resistivity at certain
temperature was observed in lots of other materials, first superconducting materials
have been discovered. A definition to the first important superconducting parameter (to the temperature of resistivity drop) was given: a critical temperature of
a superconductor (Tc ) is a transition temperature between superconducting state
(T < Tc ) and normal state (T > Tc ).
Superconductivity as a phenomenon is always accompanied by two effects: absence of electrical resistivity and Meissner effect. Meissner effect can be defined as
an expulsion of a magnetic field from a superconductor cooled through its superconducting transition in a constant field. It can be observed when magnetic field is
applied to superconductor or during material transition from normal to the superconducting state in applied magnetic field. This effect happens because in presence
of applied magnetic field electric current loops are generated on the surface of a
superconducting material (so called Meissner currents). Meissner currents create
a magnetic field inside the superconductor to compensate applied magnetic field.
Hence, a superconducting material exhibit an ideal diamagnetism.
Note, that absence of resistivity also lead a behaviour of superconductor in
applied magnetic field similar to ideal diamagnetism. If magnetic field is applied
to a material with zero electrical resistivity, current loops will be generated to ex1
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actly cancel the imposed magnetic field according to Lenz’s law, ideal diamagnetic
response is developed. However, zero electrical resistivity and Meissner effect are
qualitatively different. If the material is already placed in a steady magnetic field
upon cooling through the superconducting transition, the magnetic field would be
expected to remain in it because without a change in the applied magnetic field
there should be no generated voltage to drive currents, even in a perfect conductor,
according Faraday’s law. However, it is still expelled below Tc due to Meissner effect.

Figure 1.1: Schematic phase diagrams (a,b) and magnetization dependence on
applied magnetic field (c,d) for type I (a,c) and type II (b,d) superconductors.

All superconducting materials are divided in two types according to GinzburgLandau parameter κ = λ/ξ [1], where λ is a London penetration depth of magnetic
field and ξ is a superconducting coherence length between electrons in Cooper pair.
2
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Both λ and ξ are increasing functions of temperature which asymptotically tend to
√
infinity at T → Tc . Superconductors with κ < 1/ 2 are called type I superconduc√
tors (type I superconductivity is mostly exhibited by pure metals). For κ < 1/ 2 the
SC has a positive surface energy between superconducting and normal phases; thus,
alternation of superconducting and normal phases in such material is energetically
unfavourable. When type I superconductor is cooled to T < Tc at zero magnetic
field (zero-field cooled) and then magnetic field is ramped, screening supercurrents
appear at the surface of superconductor and increase accordingly to cancel magnetic
field inside the superconductor (ideal diamagnetism in Figure 1.1(a)). In order to
generate this current loops, magnetic field penetrates into the superconductor but
decays exponentially over a distance λ from the surface. When applied magnetic
field reaches a certain value, known as a critical magnetic field Bc , supercurrent in
current loops reaches the limit (known as a depairing current). If applied magnetic
field exceeds Bc it penetrates into the material which stops being superconducting This transition is indicated by restoration of electrical resistance and drop of
diamagnetic moment (Figure 1.1(a)). Critical field Bc = Bc (T ) is a decreasing
parabolic function of temperature as shown on phase diagram of type I superconductor in Figure 1.1(b). When magnetic field decreases from above Bc and T < Tc
at B = Bc supercurrent loops spontaneously appear to expel magnetic field from inside the superconductor (Meissner effect). Thus, magnetization dependence of type
I superconductor is completely reversible.
√
Superconductors with κ > 1/ 2 are called type II superconductors, surface
energy between superconducting and normal phases in such materials is negative.
Magnetization of zero-field cooled type II superconductor with increasing magnetic
field follows one of type I superconductor (ideal diamagnetism in Figure 1.1(c)).
When a so-called first critical field Bc1 < Bc is reached magnetic field start to penetrate into material in form of flux quanta. Each flux quantum can be represented as
a core of normal phase of size ξ surrounded by vortex of supercurrent which decays
exponentially over a distance λ. Superconducting vortices form a hexagonal flux
line lattice (FLL) [2](Figure 1.2(a)) The coexistence of normal and superconducting phases (so-called mixed state of Shubnikov phase in Figure 1.1(d)) is governed
by negative surface energy between superconducting and normal phases. Each flux
quantum carries a magnetic flux Φ0 = h/2e = 2.07 ∗ 10−15 Tm2 . First critical
field can be defined as Bc1 = Φ0 ln κ/4πλ2 . After exceeding Bc1 , material stops
demonstrating ideal diamagnetism due to penetrated magnetic flux, but it keeps
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being superconducting until second critical field Bc2 = Φ0 /2πξ 2 is reached (Figure 1.1(c)). Both Bc1 and Bc2 are decreasing functions of temperature as shown in
Figure 1.1(d). Magnetization dependence of type II superconductor is reversible if
any kind of inhomogeneties are absent in the material.
In a perfect type II superconductor under applied electrical current vortices move
~ where f~L is a Lorentz
guided by Lorentz force applied on each vortex (f~L = Φ~0 × J,
force per unit length of the vortex, J~ is a current density) and generate electric field
~ = ~v B,
~ where E
~ is an electric field appeared due to magnetic field B
~ motion with
(E
speed ~v ) [3, 4] (Figure 1.2(b)). Electric field in superconductor suppresses partially
the main superconductor advantage - nonresistive electrical current transport. In
addition, emerged resistive energy dissipation disturbs the superconducting state of
the material and eventually can lead to superconducting-to-normal state transition
where all superconducting properties will be lost. Thus, superconducting vortices
need to be immobilised for superconductor application under applied current. Dissipation of energy through electric field generation can be reduced or eliminated
by pinning of superconducting vortices. Pinning of vortices occurs on structural or
compositional nonuniformities (defects) in the superconductor of the size of coherence length. Engineering of pinning centers is one of the most important fields in
superconducting science.

Figure 1.2: a:Magnetic field in superconductor in form of vortex lattice. b: A
~ = ~v B
~ is generated
single vortex, illustrated as a current loop. Electric field E
when magnetic flux quanta (Φ0 ) moves with the speed ~v , guided by Lorentz force
~
F~L = Φ~0 × J.

Ability to carry high currents in a mixed state as well as higher critical temperatures and critical magnetic fields (Bc2 ) made type II superconductors with appropriate pinning properties suitable for potential applications.
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1.2

Brief introduction to ferromagnetism

Ferromagnetism is a form of magnetic ordering in which the intrinsic magnetic dipole
moment, or spin, of electrons on each crystal-lattice site are arranged in a regular
manner. As an example, a paramagnetic material with a certain concentration of uncoupled spin can be considered. An internal interaction between elemental magnetic
moments (so-called exchange interaction) tends to line up the magnetic moments
parallel to each other, a ferromagnetic state with spontaneous magnetization is developed.
The orienting effect of the exchange interaction is opposed by thermal agitation, and at elevated temperatures the magnetic order is destroyed. The Curie
temperature TCurie , is the temperature above which the spontaneous magnetization
vanishes; it separates the disordered paramagnetic phase at T > TCurie , from the
ordered ferromagnetic phase at T < TCurie [5].
Below Curie temperature ferromagnetic material is characterized by a magnetization alignment. Although the exchange interaction keeps spins aligned, it does
not align them in a particular direction. Usually, the energy of alignment depends
on the direction of magnetization relative to the crystallographic lattice (so-called
magneto-crystalline anisotropy). Intrinsic magnetic moments tend to align along
the direction corresponding to the lowest energy (easy magnetization axis) [6].
Typically, the bulk of ferromagnetic material at T < TCurie is divided into regions
with ordered intrinsic magnetic moments (magnetic domains or Weiss domains)
separated by domain walls [6]. In case of nanostructured materials intrinsic magnetic
moments can be aligned within structural elements (such as grains) and be physically
separated from each other (the development of domain wall requires some energy
and is energetically unfavorable in small volume) [7].
The state of ferromagnetic material at the lowest energy is macroscopically unmagnetised (M = 0 in Figure 1.3) because magnetic domains (or magnetic moment
of structural elements) are randomly oriented with respect to one another. If the
magnetic field is increased from zero monotonically, then the M − H dependence
traces out a magnetization curve such as that shown in Figure 1.3. A specific shape
of magnetization curve is governed by various mechanisms such as reversible and irreversible domain wall displacement (the volume of magnetic domains aligned close
to direction of external magnetic field increases reducing the volume of misaligned
domains) and reorientation of magnetization within domains along external magnetic field [6]. Magnetization process stops when all intrinsic magnetic moments of
5
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Figure 1.3: Dependence of magnetization of ferromagnetic material on applied
magnetic field. Magnetization curve from unmagnetized state is shown in blue
color. Magnetization curve from magnetized state (hysteresis loop) is shown in
red color.

entire ferromagnetic material are aligned along the external field, saturation magnetization (Msat ) is reached.
Next, if the magnetic field is decreased from magnetized state, the M − H dependence does not follow back down the magnetization curve. Instead it moves
along a new curve (Figure 1.3), because once the magnetic domains are reoriented,
it takes some energy to turn them back again. With the removal of H magnetization
terminates at remanent magnetization (Mrem ). It takes a reversed magnetic intensity (known as coercive force or Hcoer ) to reduce the magnetization to zero. When
H continues to build up in the reversed direction, M becomes increasingly negative
(governed by physical processes similar to ones during magnetization) until negative
saturation is reached. Further, when magnetic field increases again, magnetization
follows a new inversely symmetrical demagnetization curve (Figure 1.3). Thus, the
M − H curve for increasing field is quite different to that for decreasing field. This
phenomenon, known as hysteresis, is the basic practical characteristics of any ferromagnetic material. The area of hysteresis loop denotes amount of energy required
to re-magnetize the ferromagnetic material.

1.3

Magnetization measurements

Magnetization of superconducting or ferromagnetic sample is the most generally
measured physical property in this work. Magnetization measurements are performed employing Quantum Design MPMS or VSM PPMS magnetometer. In both
6
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techniques the sample is mounted on a non-magnetic rod and is placed in magnetic
field applied by a superconducting electromagnet. The temperature of the environment is controlled in a wide range. The sample moves progressively (in case of
MPMS) or vibrates (in case of VSM PPMS) at the geometrical center of the air
gap along a set of fixed coils (a pick-up coils). The magnetic field produced by the
magnetized sample moves with the sample and produces a changing magnetic flux in
the pick-up coil. The pick-up coils are connected such that the signal due to moving
sample adds, while signal due to fluctuations in the field from the electromagnet
subtracts and ideally cancels. The voltage signal at the pick-up coil induced by the
moving magnetized sample is converted into magnetization value. Magnetometers
can be characterized as extremely sensitive instruments and can measure a magnetic
moment with the range of sensitivity starting from 10−8 emu. More detailed can be
found in Refs. [8, 9] as well as in technical manuals for the instruments.

1.4
1.4.1

Studied materials
Superconducting YBCO

Until 1986, critical temperatures (Tc ) of all discovered superconductors were always
below ∼23 K. This critical temperature limitation was derived from microscopic
theory of superconductivity developed by Bardeen, Cooper and Schrieffer [10]. In
1986, Bednorz and Müller reported [11] about detection of superconductivity in
Ba-La-Cu-O ceramic system at T exceeding 23 K significantly. Their work was
subsequently recognized with the 1987 Nobel prize, for the discovery of a new class
of materials (known today as high-temperature superconductors) which currently
include members with Tc of about 135 K [12].
Superconducting properties of YBa2 Cu3 O7 (YBCO) ceramic were discovered in
1987, shortly after discovery of high-temperature superconductivity itself in Ba-LaCu-O system. YBCO is a highly anisotropic type-II high-temperature superconductor with critical temperature around 91 K. In general YBCO belongs to a class
of ReBCO ceramics, where Re is a rare earth element (La,Y, Nd, Sm, Eu, etc.).
ReBCO became one of the most promising superconducting materials for research
and industrial applications because it has numerous advantages compared to other
ceramic superconductors, such as:
• ReBCO ceramics are the only known stable four-element compounds with a
7
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Tc above 77 K;
• ReBCO includes neither toxic elements nor volatile compounds into composition;
• ReBCO is less anisotropic than other HTS materials; it carries higher current
densities at higher magnetic fields;
• fabrication of ReBCO single-phase material is relatively simple.
While all ReBCO materials have the same crystal structure and similar superconducting properties, substitution of Y by other rear earth element enhances
specific property of ReBCO that makes it more favourable for particular applications. For example, SmBCO demonstrates slightly higher superconducting critical
temperature (as well as EuBCO, NdBCO, GdBCO), a weaker dependence of the
critical current density on applied magnetic field at high temperatures and higher
irreversibility fields compared to YBCO [13]. Moreover, certain advantages of SmBCO phase diagram simplifies a growth of SmBCO single crystal compare to YBCO
or NdBCO single crystals [14]. These advantages made SmBCO a primary material for fabrication of long high transport current wires by HTSC coated conductor
technology [15]. EuBCO superconductors have lower surface resistance that makes
them more favourable for high-frequency applications [16]. NdBCO is widely used
for multilayered interrupted YBCO film growth that enhances the morphology and
current carrying capabilities of the film [17].
YBCO crystallizes in a defective perovskite structure that consists of layers
(Figure 1.4(a)). The boundary of each layer is defined by planes of square planar
CuO2 units sharing 4 vertices. The planes can sometimes be slightly corrugated.
Perpendicular to these CuO2 planes are CuO4 ribbons sharing 2 vertices. The
yttrium atoms are found between the CuO2 planes, while the barium atoms are
found between the CuO4 ribbons and the CuO2 planes.
It is important to note that crystallographic structure and superconducting
properties of YBCO are very sensitive to oxygen content, the best performance is
reached at certain quantity x of oxygen vacancies in chemically non-stoichiometric
YBa2 Cu3 O7−x compound. When x = 1 all oxygen sites in Cu-O chains a vacant
(Figure 1.4(b)). YBa2 Cu3 O6 has a tetragonal crystal lattice with crystal lattice parameters a = b = 3.86 Å and c = 11.86 Å [18] and semiconducting properties [19].
Superconducting transition temperature of tetragonal YBa2 Cu3 O6 is 6 K [19]. If
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Figure 1.4: Orthorhombic (superconducting) YBa2 Cu3 O7 lattice structure (a)
and tetragonal YBa2 Cu3 O6 lattice structure (b). Cu-O bonds are highlighted.

x < 0.65 Cu-O chains along the b axis of the crystal can be formed. At high temperatures (above 700◦ C) YBa2 Cu3 O7−x still has tetragonal lattice, but it demonstrates
metallic properties [18, 20]. In descending temperature in pure oxygen atmosphere
YBa2 Cu3 O7−x with x < 0.65 experiences a phase transition around 700◦ C when crystal lattice transforms from tetragonal to orthorhombic by elongation of the b axis
[18, 20]. The tetragonal-orthorhombic phase transition is an order-disorder phase
transition of oxygen in Cu-O chains [20]. Orthorhombic YBa2 Cu3 O7−x , shown in
Figure 1.4(a) have crystal lattice parameters a = 3.82 Å, b = 3.89 Å, c = 11.68 Å(for
x ' 0) [18] and demonstrates high temperature superconductivity. The best superconducting properties with the highest critical temperature ∼ 91 K are reached at
x ' 0.07, i.e. when almost all of the O sites in Cu-O chains are occupied, with few
vacancies.
Superconductivity phenomenon in layered copper-oxide high-temperature superconductors is not trivial. Theoretical justification of superconductivity in HTSC
cuprates is not completed. Some experimental evidences for copper pairs formation
and conductance are available in literature. The orthorhombic-tetragonal phase
transition studies [20] revealed crucial role of oxygen content and importance of CuO chain formation for superconducting properties. Experiments with substitution of
9
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Cu and Ba elements demonstrated that the conduction occurs in the Cu-O planes,
while the Cu-O chains act as a charge reservoirs providing superconducting carriers
to the Cu-O planes. Moreover, some latest experiments [21] revealed a crucial role
of interfaces between Cu-O planes and other layers in superconductivity.
Layered structure of YBCO determines anisotropy of conducting and superconducting properties of the compound. Metallic Cu-O planes confine conductivity to
the a-b planes. Along the c axis conductivity is reduced by factor of 5-7 compare
to the a-b plane. For other promising HTSC such as Bi-Sr-Ca-Cu-O composites,
the anisotropy is by far greater and inter-plane transport is negligible. Fundamental
superconducting length scales of YBCO demonstrate the following anisotropy : at
0 K in-plane London penetration depth λkab ∼ 150 nm [22, 23] is by factor of 5
smaller than out-of-plane penetration depth λkc ∼ 1000 nm [24]; in-plane superconducting coherence lengths ξkab ∼ 2 nm is greater than out-of-plane coherence length
ξkc ∼ 0.4 nm by the same factor [25]. Although the coherence length in the a-b
plane is 5 times greater than the one along the c axis, it is quite small compared to
classic superconductors such as niobium (∼ 40 nm). This modest coherence length
means that the superconducting state is more susceptible to local disruptions from
interfaces or defects on the order of a single unit cell, such as the boundary between
twinned crystal domains, oxygen vacancies, Y2 O3 precipitates and other crystal defects. Sensitivity to small defects as well as degradation of performance by humidity
complicates the device fabrication process with YBCO.
High anisotropy of YBCO superconducting properties establishes certain conditions for orientation of YBCO crystals in potential applications. Confinement
of copper pairs propagation along Cu-O planes sets a requirement for transport
supercurrent orientation along a-b crystallographic planes. Suppression of superconducting order parameter in grain boundaries of YBCO governed by a small coherence length [26, 27] limits application capability of YBCO material to the form of
single/quasi-single crystal. In general, the best transport characteristics of YBCO
single crystals (in particular, thin films) in applied magnetic field is observed in
Ba kab [28, 29, 30]. This effect, appeared as a sharp and narrow maximum on dependence of critical current on direction of applied magnetic field, result either from
effective pinning of vortices on Cu-O planes, or from extended λkc in case of thin
films (when λkc is much smaller then the thickness of the film vortices can not be
formed, hence vortex depinning and energy dissipation does not occur). Nevertheless, various engineering [31] and technological conditions require high performance
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of YBCO when applied magnetic field is directed in different ways. The first step
needed to make YBCO and REBCO practically useful is to improve characteristics
in the direction of Ba ⊥ ab [32]. Enhanced in-plane coherence length ξkab enable
engineering of strong pinning for vortices oriented perpendicular to a-b planes.
Application of bulk c-axis oriented quasi-single-crystal YBCO materials [33,
34, 35] is associated with magnetic bearing technologies for MagLev or magnets in
MRI, i.e. with applications where high trapped magnetic field is required. Despite
poor mechanical stability and low thermal conductivity, top-seeded melt-growth
fabricated [34, 35] bulk YBCO single crystals are attractive because they can trap
the magnetic field up to 17 T at temperature ∼ 30 K (which is accessible in modern
cryo-cooler) [33].
Though certain interest in YBCO bulk materials exists, nowadays YBCO (or
ReBCO) applications are mostly associated with thin films or coating technologies.
Quasi-single-crystal c-axis oriented epitaxial YBCO thin films are known to have
the highest critical current density (Jc ) among high-temperature superconductors
at commercially attractive temperature T = 77 K [36, 37] (boiling temperature of
liquid nitrogen). It makes YBCO/ReBCO thin films a perfect candidate for various electric power applications [31, 38, 39]. ReBCO based second generation power
cables (G2) and electric devices are under active development and fabrication at
industrial scale in Japan (SuperPower Inc.), United States (American Superconductor) and Germany (Bruker HTS Gmbh). For example, G2 tapes are used in ReBCO
superconducting transformers [40], G2 based superconducting magnets are able to
reach magnetic fields up to 32 T [41]. In addition, applications of YBCO thin films
are associated with microwave electronic devices [42, 43] and low signal electronic
devices [38, 44, 45], Josephson junctions [46] and single-photon detectors [47].

1.4.2

Ferromagnetic FePt

The FePt thin films with the L10 crystal superstructure (Figure 1.5) are promising candidates for various magnetic applications. Strong spin-orbital coupling of Pt
electrons together with hybridisation between 5d-Pt and 3d-Fe electrons in tetragonal L10 crystal lattice [49] provide c-oriented magnetic anisotropy with uniaxial
magnetic anisotropy constant Ku ∼ 7 × 106 J/m3 . This high magnetic anisotropy
and high coercivity enable the size reduction of the thermally stable particles (or
grains) down to a couple of nanometres [50, 51, 52]. Together with out-of-plane
orientation of the easy magnetization axis and high corrosion resistance, these prop11
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Figure 1.5: fct L10 FePt lattice structure. Lattice parameters: a = 3.86 Å,
c = 3.72 Å[48].

erties make FePt films with the desirable candidate for the perpendicular magnetic
recording media with the recording density exceeding 1 TBit/in2 [53]. On the other
hand, a very high coercivity (exceeding 10 T) [54] and the corresponding high magnetic energy product open up new possibilities for the applications of FePt, such as
micro-electromechanical systems (MEMS) [55] and ultra strong permanent magnets
[52].
L10 FePt thin films with high coercivity are perspective for combination with superconducting thin films. For example nanostructured FePt films with out-of-plane
magnetic orientation can create a magnetic compensation effect in ferromagneticsuperconducting heterostructures [56], providing an effective control of superconducting properties in large range of applied magnetic fields. Magnetic particles or
magnetic domain walls can provide a strengthened pinning of superconducting vortices improving performance of superconducting films (see for example [57, 58]).
In addition, lithography patterned asymmetric FePt sub-micro structures can affect
the vortex dynamics in superconducting film. Asymmetry of vortex interaction with
FePt sub-micro structures (so-called vortex ratchet effect) generates a dependence
of the effect on direction of vortex motion and as a consequence a diode effect in
superconducting film [59, 60].

1.4.3

Superconducting Nb

Niobium is a typical low-temperature superconducting metal. It is one of the three
elemental Type II superconductors (where λ ' ξ), along with vanadium and technetium, with the highest critical temperature Tc = 9.2 K. Industrial significance of
12
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pure Nb is marginal. Nb is mostly used as a base of superconducting alloy [61] or
intermetallic compounds [62] in low temperature superconducting wire technologies.
In contrast, it is hard to overestimate the role of pure Nb in fundamental superconducting science. For example, in 60s Nb was a model material for studying main
physical properties of type II superconductors [63, 64] within Ginzburg-LandauAbrikosov-Gor’kov (GLAG) theory [2]. Nowdays, Nb is often used as a model superconductor for perspective ferromagnetic-superconducting heterostructures [56].
In addition, Nb is a convenient model material for investigation of phenomenon of
flux jump in a superconductor [65, 66].

1.5

Pulsed laser deposition technique

In this work pulsed laser deposition (PLD) was employed for fabrication of thin films
if not specified otherwise. PLD is a method for film deposition that belongs to a large
class of physical vapour deposition (PVD) techniques. PVD term defines a variety
of vacuum deposition techniques where a film is deposited by the condensation of a
vaporized form of the target material onto the substrate. By definition PVD method
should involve purely physical processes during deposition such as high temperature
material evaporation in vacuum or plasma sputter surface bombardment rather than
a chemical reaction at the surface. The term “physical vapour deposition” appears
originally in the 1966 book “Vapour Deposition” by C.F. Powell, J.H. Oxley and
J.M. Blocher Jr, but PVD was used to deposit coatings as far back as in 1838 by
Michael Faraday.
Physical vapour deposition includes following techniques (arranged in order of
increasing novelty):
• Cathodic arc deposition (CAD). In CAD a high power arc discharges at the
surface of target material and blasts away a highly ionized vapour.
• Electron beam physical vapour deposition (EPVD). EPVD is a high vacuum
technique where the surface of the target is heated up to a high vapour pressure
by electrons bombardment.
• Evaporative deposition. This is a low vacuum technique where the target
material is heated up to a high vapour pressure by electrically resistive heating.
• Pulsed laser deposition (PLD). In PLD a high power laser shot ablates material
from the surface of the target into a vapour.
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• Sputter deposition. In this technique a glow plasma discharge, localized around
the target by a magnet, bombards the target surface sputtering some target
material away as a vapour.

Figure 1.6: Scheme of pulsed laser deposition system.

In all PVD techniques it appears that everything that is required is to vaporise
(in some manner) some bulk material (the target) and arrange for it to condense
on the substrate. This is indeed what happens in pulsed laser ablation (Figure 1.6).
Short periodic focused laser pulse hits the surface of target and evaporates target
material. Evaporated material expands perpendicular to the target surface, forming
a so-called plume, and reaches the substrate. Mechanisms of plume formation and
expansion at UV wavelengths of laser include target heating and evaporation by
laser-solid interaction as well as subsequent ionization of the vapour by adsorption
of photons [67, 68, 69]. These processes define kinetics of material desorption from
the target surface and transport it to the substrate. In case of short (tens of nanoseconds) laser pulse, short laser wavelength (blue or UV) and correct power density (a
few J/cm2 ) the composition of the target can be reproduced in the film precisely.
Short pulses and short wavelengths are required in order to minimize the spread of
14
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heat into the target [70]. The deposition can be performed in atmosphere of oxygen
for oxygen containing materials (such as YBCO). Control of oxygen pressure and
flow during deposition allows to tune composition of oxygen in deposited films precisely. PLD technique obtained popularity because of relatively simple control on
composition of oxide and perovskite films. About half of the groups worldwide that
do research on ReBCO superconductors and have reported critical current densities
exceeding 1010 A/m2 at 77 K have obtained ReBCO films by pulsed laser deposition
[71]. Very good PLD overview is done in Ref. [69]. One of major disadvantages
of the PLD is a possible non-uniformity of film thickness across the film if wide
substrates are used.
PLD can be performed in ex-situ and in-situ way. In ex-situ deposition the
amorphous film of the correct chemical composition is deposited on substrate at
room temperature. YBCO film can contain some fluorine for improvement of conditions for regrowth process during post-annealing. Subsequent post-annealing of
the coating at high temperature (Tannealing ∼ 850◦ C for YBCO in air or oxygen atmosphere) leads to the epitaxial crystallisation of the film by a solid state regrowth
mechanism. The main disadvantage of ex-situ deposition is polycrystalline structure
of regrown epitaxial film as well as high temperature of post-annealing.
In this work all films where grown via in-situ deposition. In in-situ deposition
the film grows epitaxially in crystalline form during deposition process due to high
temperature of the substrate (though the temperature of substrate during deposition is still lower than post-annealing temperature for ex-situ re-growth). If the
substrate is a single crystal in-situ deposition allows to fabricate a single-crystal
film (in case of complete coverage of substrate by the films) or coherently oriented
islands (in case of incomplete coverage). Often deposited film require some postannealing in order to achieve for example the correct oxygen stehiometry and oxygen
ordering in YBCO films or appropriate long-range superlattice ordering in L10 FePt
films. Importantly, post-annealing does not lead to substantial rearrangement of
the crystal lattice or recrystallization of the deposited film and can be performed at
lower temperatures than deposition temperature. In-situ deposition has a number
of advantages. In particular, reduced temperatures required for fabrication of the
film minimise possibility of film contamination from the substrate; in-situ deposition
allows to fabricate a single-crystal films with enhanced ordering of crystal structure,
improved physical properties, and reduced roughness of the film surface.
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1.6

Substrates for YBCO and FePt deposition

Crystal structure, lattice structure and composition of the substrate define the structure and properties of deposited films. The ideal substrate for deposition of oriented
single crystal epitaxial thin film would be a chemically passive single crystal with
atomically smooth surface which is oriented along principal crystallographic direction and with a small mismatch of lattice parameters and thermal expansion with
the film. The substrate material should be chemically stable and should not have
any phase transitions in the entire range of deposition and application temperatures. For electronic applications the substrate material should fulfil additional
physical requirements such as low dielectric constant (< 20) and low dielectric losses
(tan δ < 10−3 ) [71, 72]. Ideally, it would also be a material in which integrated circuits can be made, but the list of these is rather short. Low cost, availability in large
size and technological effectiveness are also important factors. Basic substrates for
deposition of ReBCO and FePt thin films are listed in Table 1.1 [72]
Table 1.1: Lattice parameters and thermal expansion coefficients of the most
common substrates for pulsed laser deposition of YBCO and FePt thin films.

Material

Crystal
structure

YBa2 Cu3 O7−x

Orthorhombic

L10 FePt

Tetragonal

Nb
SrTiO3
LaAlO3

Cubic
Cubic
Rhombohedral

YSZ
MgO
Si
Sapphire (Al2 O3 )

Cubic
Cubic
Cubic
Rhombohedral

Lattice
parameters, Å
a=3.82
b=3.89
c=11.68
a=3.86
c=3.72
a=3.30
a=3.91
a=5.36
c=13.11
a=5.15
a=4.20
a=5.43
a=4.73
c=12.99

Thermal
expansion (10−6 /K)
14
12
25

7.3
10.8
10
10
13.8
4.4
8.3

The most widely used substrate material for YBCO deposition is SrTiO3 (STO).
YBCO films deposited on STO usually have the highest critical temperature, very
high critical currents and smallest surface roughness due to minimised mismatch
between lattice parameters of cubic STO and a and b parameters of YBCO (that
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reduces strains on film-substrate interface). However, STO substrates are the most
expensive among substrates in Table 1.1 and are available only in small sizes. In
addition, STO is nearly ferroelectric, both dielectric constant and microwave losses
of STO are relatively large. The next most widely used substrate material for YBCO
deposition is MgO. MgO is less chemically benign and provides poorer lattice match
between MgO and YBCO. Still, high quality YBCO films can be grown on MgO
substrate by optimised deposition process. MgO has low dielectric constant and
reasonably low microwave losses suitable for high-frequency applications. Moreover,
MgO is significantly cheaper than STO. Yet, MgO substrates of large size are not
available on a market either. Furthermore, often MgO single crystal substrate requires additional treatment of the surface before deposition such as cleaning by ion
etching due to their ageing. The technological effective substrates for YBCO deposition are Si or Al2 O3 . The growth of high quality YBCO single crystal is much
more difficult on these substrates due to large mismatch between substrate and film
lattice parameters, but certain progress have being achieved mainly by epitaxial
deposition of buffer layers before YBCO deposition. Some attention is focused on
rhombohedral LaAlO3 (as well as NdGaO3 and LaGaO3 ) substrate materials mainly
due to a number of desirable physical properties of these materials [71] including
low loss microwave and dielectric resonance parameters. However, these substrates
tend to twin along (100) and it is not clear whether this will prejudice their use.
Moreover, YBCO shows some tendency for a-b outgrowth during deposition on these
substrates.
Another commercially used substrate for YBCO deposition is a Ni tape [73].
Certain structure and crystallographic orientation of the Ni substrate is achieved by
rolling process. Mismatch of lattice parameters is reduced by deposition of multiple
buffer layers before final ReBCO deposition. The main advantage of Ni substrate
is a technological effectiveness, which allows to fabricate long tapes (of the order of
kilometres) necessary for wires fabrication by Coated Conductor technology. The
main limiting factor of Coated Conductor technology is an inevitable granularity of
superconducting layer that decreases superconducting performance.
FePt thin films have similar requirements for the substrates. For magnetic
recording purposes, it is preferred to grow FePt thin films on glass wafers [50].
However, for the epitaxial growth of the oriented fct FePt films, it is better to use
cubic (001) MgO or STO single crystal substrates. Usually, MgO is used because
the lattice mismatch between the MgO and FePt crystal structures is larger than
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that between STO and FePt, which leads to enhanced tensions at the interfaces [74].
The enhanced tensions provide a smaller size of islands during the PLD deposition
and a better chemical ordering in the f ct structure. However, as was mentioned
MgO substrates are subjected to ageing, which can affect the reproducibility.
In this work STO substrates have been employed for deposition of both single
crystal YBCO films and f ct FePt thin films. STO was used to ensure the reproducibility of the experiments, as well as to achieve the best properties of YBCO
films.

1.7

Motivation and Scope

This work is focused on aspects of pulsed laser deposition of YBCO and FePt thin
films, their characterisation and investigation/modelling of physical properties of
superconducting YBCO and Nb thin films.
First part of the thesis is concentrated on investigation of advantages of pulsed
laser deposition technique for manipulating the performance of functional thin films.
In second chapter the dependence of structure and superconducting properties
of pulsed laser deposited YBCO thin films is investigated as a function of laser
repetition rate. In literature [75, 76] it was demonstrated that variation of laser
repetition rate within one order (between 5 and 50 Hz and between 1 and 10 Hz
respectively) does not lead to any significant effect on the film structure or properties,
while earlier in our group [77] the effect of varied laser frequency on structure and
critical current was demonstrated. This controversy is resolved. A possibility to
tune superconducting properties of YBCO thin film in a wide range by adjusting
laser frequency is demonstrated.
In third chapter the dependence of structure and magnetic properties of pulsed
laser deposited FePt thin films is investigated as a function of laser repetition rate.
FePt films are investigated because they demonstrate a growth mode contrasted
with growth mode of YBCO films in addition to high potential of FePt films in
traditional magnetic thin films application as well as in perspective superconducting/ferromagnetic hetero-structures. The dependence of FePt structure on laser
frequency obtained reveal the opposite growth development to the trend reported
in the literature. Therefore, a theoretical model based on the mean field approach
is developed, which quantitatively describes the structural changes obtained experimentally. A possibility to tune magnetic properties of FePt thin film in a wide range
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by adjusting laser frequency is demonstrated.
Second part is dedicated to investigation of critical current of superconducting
YBCO films and to the behaviour of critical current in vibrated superconductor.
In fourth chapter a model for critical current in pulsed laser deposited YBCO
thin film at high temperatures is developed. The model takes into account vortex
pinning on out-of-plane dislocation and vortex creep included as electric field criterion. The model demonstrates the domination of out-of-plane dislocation in vortex
pinning mechanism. By incorporated electric field criterion the model resolves an
long time known inconsistency of superconducting critical currents of YBCO films
measured with different measurement techniques. In addition, application of the
model to VSM PPMS measured critical current revealed tremendous influence of
film vibration on critical current that was never accounted for before.
The discovered vibration effect is systematically studied in fifth chapter. First,
the effect is confirmed for different superconducting materials (i.e. various pinning
mechanisms), geometries of samples and measurement temperatures. Next, the effect of sample vibration on magnetization, critical current, magnetization relaxation
and irreversibility field of YBCO thin films is investigated. A possible origin of vibration effect and mechanism of vibration influence on Jc are discussed. An influence
of vibration on flux jump process is noted.
Behaviour of vortices in YBCO film is simulated in sixth chapter considering
two types of pinning centres and periodic shaking force acting coherently on vortices
due to vibration of superconductor. Results of simulations confirm a dominating
role of out-of-plane dislocations of relatively low density in establishing the critical
current of YBCO films. Simulation of vibration result in depinning of vortices and
in initiation of peak effect behaviour of I-V characteristic where the origin of peak
effect behaviour (i.e. vortex melting vs. matching effect) is determined by applied
magnetic field.
In seventh chapter a vibration effect on flux jumps process in Nb thin films
is investigated. It is shown that magnetization in flux jump region is extremely
sensitive to VSM vibration. This effect together with some other evidences justify
that the origin of flux jumps in Nb thin films during magnetization measurements is
based on self-organised criticality (represented by a sandpile), while it is commonly
assumed that these flux jumps occurs due to thermo-magnetic instability. A degree
of nonuniformity of magnetic field responsible for the vibration effect during VSM
measurements is estimated.
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Chapter 2
Tuning structure and properties of
pulsed laser deposited YBCO thin
films
2.1

Introduction

Simple and reliable methods with the high degree of technological control are required for accurate adjustments of material structures and corresponding properties
for the necessary performance. For physical vapour deposition (PVD) technologies,
this control is conventionally achieved by manipulating interdependent parameters,
such as temperature, atmosphere, flux of material, resultant film thickness [54, 73,
77, 78, 79, 80] and laser frequency [77, 81, 82, 83, 84]. In particular, the laser
frequency for pulsed-based deposition (PLD) influences the film structure in many
different ways, whose mechanisms can be contentious and not easily understood [81,
82, 83, 84, 85]. Thus, this interdependency is not trivial, impeding reproducibility
and requiring sophisticated control.
In this chapter, a unique advantage of pulsed laser deposition (PLD) technique
in tuning desirable structure and properties of the YBCO epitaxial films is demonstrated. To the best of knowledge, such dramatic variation of structure and such
a broad range of practically achievable physical properties, being tuned by means
of mere laser frequency variation, have not been reported before. Note, the key
instrumental feature for varying properties of the films is the ability to manipulate
the in-plane structure of the films, while their thickness is kept constant.
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2.2

Factors of YBCO thin films performance

In the mixed state above the first critical magnetic field in type II superconducting materials magnetic field penetrates in form of magnetic flux quanta [2]. Under applied electrical current vortices can move guided by Lorentz force applied
on each vortex and generate electric field decreasing the performance. Superconducting vortices can be immobilised by vortex pinning centres. Any zero, one or
two dimensional structural or composition inhomogenity in superconductor suppresses the superconducting order parameter and can pin a vortex effectively if the
size of the inhomogenity is of the order vortex diameter (i.e. ∼ ξ). For example,
in industrially manufactured Nb3 Sn superconducting wires where coherence length
ξ(T = 0) ∼ 4 nm the effective pinning centres are boundaries between Nb3 Sn grains
[62]. In industrially fabricated NbTi superconductors with ξ(T = 0) ∼ 5 nm the
primary pinning centres are alpha-phase segregations from Nb-Ti solid solution [61].
Due to small coherence length (ξ(T = 0) ∼ 2 nm) engineering of pinning centres in YBCO is challenging. In YBCO thin films there are a number of in-situ [73]
and artificially fabricated [32, 86] candidates for vortex pinning that can be classified as follows: (i) Zero dimensional pinning centres such as oxygen vacancies [87],
cationic disorder [88], dilute doping [89] or nanoparticles [90]; (ii) One dimensional
pinning centres such as screw and edge dislocations [92, 91], artificial nanorods [93]
or columns of irradiation damage [94] (iii) Two dimensional pinning centres such
as twin boundaries [86], anti-phase boundaries [95] or surfaces of large precipitates
[32].
It was demonstrated [94] that the strongest possible pinning is expected when
the vortex is confined by a columnar defects with the diameter of coherence length.
Indeed, while 2D defects in general demonstrate weaker pinning properties [86, 96]
and 0D defects can place an effect only on part of the vortex, columns can act
along the entire vortex if they are aligned with vortex (magnetic field) direction.
Luckily, due to the mixed island film growth mechanism [76, 97, 98, 99, 100, 101,
102, 103] quasi-single-crystal YBCO thin films contain various out-of-plane edge and
screw dislocations that are formed in-situ during PLD film growth [75, 92, 99, 104,
105, 106]. The out-of-plane dislocations are shown to be the most effective natural
pins for Abrikosov flux line lattice in YBCO thin films [91, 92, 107]. The edge
dislocations form a low angle domain boundaries with miss-orientation angle not
exceeding 1◦ . Note, that miss-orientation angle of 3-4◦ is a critical angle for current
carrying capabilities through the low angle domain/grain boundary [26]. When
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angle of domain/grain boundary exceeds 4◦ the perturbation of crystal lattice at the
boundary reduces the superconducting order parameter and suppresses the transport
supercurrent. Such domain boundary becomes a weak link (common situation for
the coated conductors) [26, 73].
It can be presumed naively that the largest possible density of pinning sites is
necessary to achieve the highest critical current densities. Nevertheless, the pinning
sites, created by crystallographical defects, reduce average superconducting order
parameter in the material. The superconducting order parameter defines the capability of the material to form the superconducting charge carriers (Cooper pairs).
Hence, an optimal oxygen content and the best possible crystallographic order of
YBCO films are necessary to reach high and homogeneous superconducting order
parameter (see, for example [108, 109]).
Various external conditions, such as external magnetic fields and temperatures,
can affect the order parameter and pinning properties, which in turn can strongly
influence the superconducting performance. Thus, fine tuning of deposition conditions is required to reach the best performance in particular conditions (for particular
applications). The deposition frequency can play the key role for the tuning.
Furthermore, an optimal thickness for the YBCO performance exists [73, 77,
110, 111]. In thicker films the surface becomes rough and properties of the film
degrade, unless a multilayered structure is introduced [17]. In thinner films, the
integral capabilities of the films are reduced. The optimal thickness, defined at the
maximum of the critical current density (Jc ) as the function of the film thickness dp
[73, 110], is usually obtained at the deposition stage with all YBCO islands coalesced
[73, 77, 111]. It will be shown below that the island density and the island growth
kinetics can be effectively varied by changing deposition conditions (in particular,
laser frequency), thus the optimal thickness can be adjusted at will.

2.3

Experimental details

Quasi-single-crystal c-oriented YBCO thin films were produced on 5 × 5 mm size
SrTiO3 (STO) substrates using standard pulsed-laser deposition (PLD) [17, 110].
Deposition was performed by KrF excimer laser with the wave-length of 248 nm.
The laser fluency was kept at ∼ 3 − 4 J/cm2 , but taking into account optical path
losses and laser beam homogenization, the fluency of ∼ 2 J/cm2 is a more realistic
estimation. The distance between YBCO target and the substrate was 85 mm.
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The frequency of the laser was varied from 1 to 8 Hz. Before the deposition of
YBCO films, the PLD chamber was pre-evacuated down to 10−6 Torr. During
the deposition, the substrate temperature and background oxygen pressure were
780◦ C and 300 mTorr, respectively. Laser fluency, distance between target and the
substrate and background oxygen pressure provided deposition rate ∼ 1.1 Å/pulse.
The films where annealed in oxygen atmosphere at 400◦ C for one hour after
deposition for oxygenation. The thin films measured in this work are of optimal
thickness dp ' 300 nm thick [73, 77, 110], measured by Dektak profiler. The critical
temperature was Tc ' 90.0 ± 0.5 K for films deposited with 5 Hz and 8 Hz frequencies and Tc ' 91.5 ± 0.5 K for 1 Hz deposited film, measured by DC magnetic
measurements in PPMS at Ba = 2.5 mT (Figure 2.4).
The critical current density (Jc ) was determined from the magnetisation measurements on VSM PPMS using Bean formula for rectangular sample (Eq. 4.12)
[112]. Magnetization on VSM PPMS measurements where performed at magnetic
field sweep rate dBa /dt = 5×10−3 T/s and with default VSM settings (vibration frequency f = 40 Hz and vibration amplitude A = 2 mm). More details about critical
current measurements by magnetometer is given in the section 3.4 and Refs. [113,
114].
Atomic Force Microscopy (AFM) imaging of YBCO films was performed using
an MFP-3D Asylum AFM (Asylum Research, Santa Barbara, CA) in AC mode using
Al reflex coated silicon probes with approximately 330kHz resonance frequency and
42 N/m spring constant (NCHR probes, Asylum Research).
Scanning Electron Microscopy (SEM) imaging of YBCO films was performed
using field emission JEOL7500 microscope with LaB6 filament.

2.4

Modulation of YBCO growth by PLD laser
frequency

The study on properties of YBCO thin films in this chapter was done on films with
an “optimal thickness” dp ∼ 300 nm [73, 77, 110, 111], measured using Dektak
profilometer. Usually pulsed laser deposited YBCO films of the optimal thickness
are associated with rather developed surface structure [92, 102, 103] with pronounced
topology and rather high surface roughness [77, 110] (unless special techniques are
employed to reduce it [17, 110]). The developed structure and its corresponding
topography hinders the study of the film island growth and corresponding structure.
24

2.4. MODULATION OF YBCO GROWTH BY PLD LASER FREQUENCY
Thus, island structure of YBCO films as a function of the deposition laser frequency
has been studied on films thinner than the optimal thickness, which have the surface
structure being not so developed. As the deposition is a continuous process, the
surface structure variation with laser frequency detected on thinner samples sets
the basis for the further film growth, hence it qualitatively reflects on the changes
of the film’s properties as well.
The variation of film structure with laser frequency is extremely sensitive to
deposition parameters and the thickness. Basically, it means that if such variation
does take place it still can be “hidden” by an inappropriate thickness. To study the
structure variation of YBCO thin films with changing the frequency, first an appropriate thickness of 25 nm was chosen to reveal the influence of the laser frequency
variations as follows. The series of films with thicknesses from 8 nm to 50 nm was
produced at different frequencies without annealing, necessary for oxygenation, in
an attempt to exclude thermodynamically driven surface modifications after PLD.
No significant difference in the surface structure of the films deposited at different frequencies was observed in the films with thicknesses below 10 nm (below the
islanding threshold thickness [97, 99, 104]). As an example, SEM images of surface
structures of 8 nm thick YBCO films deposited at 1 Hz and 5 Hz are shown in Figure 2.1. Surface structures of both films are similar and consist of two dimensional
islands of in-plane size up to ∼ 200 nm. The difference could not be detected due

Figure 2.1: Surface structure of 8 nm thick YBCO thin films deposited at 1 Hz
(a) and 5 Hz (b).

to one of the following reasons. (i) The variation of the laser frequency does lead to
changes in the surface structure of the films. However, the structures were modified
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during the post-deposition cooling from 780◦ C down to 500◦ C (which takes a few
minutes) after switching off the heater, so that any possible differences faded away.
As the thickness is small these modifications might be rather rapid at high temperatures. (ii) The different deposition frequency does not affect the structure below
10 nm because the films exhibit essentially a 2D layer-by-layer growth mode at this
thickness.
In the case of larger thicknesses above 30 nm (see Figure 2.2), the structure
variation could be observed. However, surface structure of these films is highly
developed with substantial degree of island coalescence and significant number of
surface defects possibly due to the too large amount of material being already deposited (best seen in Figure 2.2(a)). Developed surface complicates the qualitative
and quantitative analysis of the dependence of surface structure on laser frequency
making it less visible in 25 nm films.

Figure 2.2: Surface structure of 30 nm thick YBCO thin films deposited at 1 Hz
(a), 5 Hz (b) and 8 Hz (c)
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Thus, the thickness of 25 nm was chosen for studying the effect of the laser
frequency influence on the surface structure. Although, the post-deposition cooling
did take several minutes, it most likely had little effect on the surface structure due
to only short time being at high temperatures (> 500◦ C) with the material being
already adhered to the substrate rather than being just above the surface in a plasma
state.
It should again be emphasized that the films of the “optimal thickness” reveal
strong topology/roughness dependence on laser frequency [77, 111]. However, it is
not straightforward how to interlink this dependence with their growth process and
superconducting properties. The “overdeveloped” 3D structure of the films with
high surface roughness makes the study of the island structure almost impossible.
On the other hand, the top layers of the film with a significant thickness may have
the least effect on the properties [115]. Thus, it is natural to associate the growth of
25 nm thick films with their superconducting properties, keeping in mind that the
surface may still be one of the factors affecting the behaviour of the films [17, 110].
Figure 2.3 show AFM images of the typical surface structures in the 25 nm thick
YBCO thin films deposited at 1 Hz (Figure 2.3(a,b)) and 8 Hz (Figure 2.3(c,d)). The
structures of YBCO films, shown in Figure 2.3, mostly consist of two-dimensional
islands (Figure 2.3(d)). Some islands, which can be defined as three-dimensional,
have a pyramid-like shape with pronounced stack of terraces, in particular well seen
in Figure 2.3(b). These structures indicate Stranski-Krastanov growth mode, as
expected for the growth of YBCO film on STO substrate by PLD [76, 97, 99, 100,
101, 102, 103]. After reaching the threshold thickness [97, 99, 104], the film growth
can be characterised as initial strain-driven islanding and subsequent islands growth
in presence of a wetting layer of YBCO on a substrate [116]. Depending on the
growth rate, the 3D island growth can be in 2D growth mode at higher rates or due
to spiral growth around screw dislocation at lower rates [75, 102, 103]. In case of
the 1 Hz film, it was not possible to distinguish whether the islands grow due to
the spiral growth or 2D growth [Figure 2.3(b)], while at the higher frequencies the
island growth happens in 2D mode as can be seen by the stacks and individual flat
platelets [Figure 2.3(d)].
The dependence of film structure on laser frequency variation can be analysed
with a simple expression [75]
L ∼ (Ds /f )1/2 ,
(2.1)
where L is a 2D island size, Ds is the diffusion coefficient of adatoms/clusters on
27

2.4. MODULATION OF YBCO GROWTH BY PLD LASER FREQUENCY

Figure 2.3: The surfaces of the 25 nm thick YBCO films deposited at 1 Hz
(a,b), and 8 Hz (c,d) obtained by atomic force microscopy.

a substrate (in our case, it is constant because deposition temperature, laser energy, duration of laser pulse and target-substrate distance are kept constant), f is a
laser frequency. Note, that in Ref. [75] similar expression is used for estimation of
the step distance in either concentric terraces or spirals of 3D pyramid-like islands.
However, the expression 2.1 is more general and simply indicates a typical distance
that adatom is able to travel before it will be immobilized by next portion of deposited adatoms, since new 2D nuclei form only if adatoms are unable to reach the
step edge of 3D island. Hence, L denotes a characteristic length scale over which
variation of surface structure can occur.
Surface structure variation with laser frequency (Figure 2.3) agrees with expression 2.1: higher deposition frequency leads to smaller islands. In Figure 2.3(a,b)
for the 1 Hz film, large 3D pyramid-like islands can be clearly distinguished with
the base size of ∼ 250 nm. A higher degree of 3D islanding (typically, if 3D islands
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consist of 4-5 terraces) indicates that adatoms have had enough time between laser
pulses for diffusion to distances up to ∼ 250 nm and for giving an impact on strain
driven 3D islanding. In Figure 2.3(c,d) for the 8 Hz film, the surface mainly consists
of randomly distributed 2D islands with typical size ∼ 100 − 150 nm. The level
of 3D islanding is much less pronounced than for the 1 Hz film in Figure 2.3(a,b).
It indicates (according to Eq. 2.1) that amount of time between laser pulses was
not enough for thermodynamically driven 3D island growth; the typical distance of
adatom diffusion was ∼ 100 nm. The structure of the 5 Hz film is an intermediate case, with a mixture of both 2D and 3D pyramid-like islands and island size
∼ 150 − 200 nm. Island size variation with the laser frequency obtained experimentally consists well with the estimations from Eq. 2.1: the size of islands decreases
by a factor of ∼ 2.5 with increasing laser frequency from 1 Hz to 8 Hz, while the
estimation from Eq. 2.1 provide a factor of ∼ 2.8; for the frequency increase from
1 Hz to 5 Hz the island size decreases by a factor of 1.7, while from Eq. 2.1 it should
be ∼ 2.2; for the increase from 5 Hz to 8 Hz by factor of 1.5, while from Eq. 2.1 it
is ∼ 1.3.
An indication of island structure variation may be obtained from the comparison of the surface roughness obtained from the landscapes in topographical AFM
images. In Table 2.1 the results of roughness calculations on 3×3 µm2 scan area and
the corresponding characteristic surface area ratio (S) are presented. The roughness was calculated as root mean square (RMS) of the topography amplitude. S
was obtained from the ratio of the total surface area of the AFM topography to the
scan area. These two surface parameters together can give an insight into YBCO
island structure. From the point of view of the island structure, the systematic
decrease of both RMS and S with increasing deposition frequency (Table 2.1) indicates the structure transition from larger and taller well separated islands to smaller
and shorter closer located islands (the island density increases, the island height
decreases).
Table 2.1: Roughness parameters obtained from 3 × 3 µm AFM scan of YBCO
thin films deposited at different frequency (Figure 2.3(a,c).

Deposition
frequency f , Hz
1
5
8

Roughness
RMS, nm
3.122
2.238
1.713
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S
1.0069
1.0019
1.0007

2.4. MODULATION OF YBCO GROWTH BY PLD LASER FREQUENCY
Four basic qualitative conclusions can be done by analysing Figure 2.3 and corresponding roughness parameters in Table 2.1: (i) the density of the islands increases
with laser frequency [best seen in Figure 2.3(a,c)]; (ii) the roughness of the film surface (the degree of the 3D islanding) enhances with decreasing laser frequency; (iii)
as the higher degree of the 3D islanding is observed at lower deposition frequencies,
it may indirectly indicate larger amount of accumulated strains due to lattice misfit
at higher laser frequencies (it can lead to higher density of dislocation known to
reduce strain); (iv) significantly lower degree of 3D islanding together with lower
roughness and smaller surface of the films deposited at higher frequencies indicate
an advanced in-plane island growth.
Two cases of results potentially controversial with Figure 2.3 and Tab. Table 2.1
were found in the literature. A plausible explanations lifting these contradictions is
given as follows.
First, in Refs. [75] and [76], the laser frequency was varied by one order of magnitude (between 1 and 10 Hz and between 5 and 50 Hz, respectively), but, in contrast
to results of this chapter, it did not affect the growth mode or the island size (i.e.,
the structure of films did not obey Eq. 2.1). This controversy can be explained as
follows. The surface diffusivity Ds in Eq. 2.1 is predominantly determined by the
plume dynamics (i.e., its kinetic energy), as well as by substrate temperature. The
kinetic energy of adatoms on the substrate surface decreases roughly exponentially
with increasing the distance from the target and the background pressure [117, 118].
In Ref. [75] and [76], the deposition was performed at the background oxygen pressure of PO2 ' 112 mTorr (which is by a factor of 2.7 lower than in our work), as
well as with target-substrate distances of 35 mm in Ref. [75] and 55 mm in Ref. [76]
(which are significantly smaller than in our work being 85 mm). Therefore, the kinetic energy of adatoms in Refs. [75] and [76] was substantially higher and resulted in
larger diffusion coefficients Ds than in this work. Thus, all diffusion-guided processes
(i.e., 3D island formation and growth) were rapid and likely completed between the
laser pulses for the laser repetition rates studied in Refs. [75] and [76]. In contrast,
the smaller Ds enables an effective control of the surface structure by varying time
between laser pulses in agreement with Eq. 2.1.
Second, in Refs. [76, 80, 111, 119], films deposited at low repetition rates had
smoother surfaces, which is in opposite to results provided in Table 2.1. However in
those works, the roughness was studied on thicker films (dp > 200 nm) with highly
developed surface structures containing outgrowths, holes, pinholes and other de-
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fects formed due to incomplete island coalescence of relatively thick films [80, 111]
or stress-guided surface roughening after complete coalescence [73, 110, 17]. Upon
deposition on highly developed surface with low deposition rates adatoms have more
time to diffuse to sites with high coordination number, reducing roughness as observed in Refs. [76, 80, 111, 119]. In contrast, the roughness in this work (Table 2.1)
was measured in much thinner films, reflecting the dependence of Stranski-Krastanov
2D/3D island structure on laser frequency.

2.5

Response of superconducting properties of
YBCO thin films to varied laser frequency

The main properties of our YBCO films (Jc and Tc ) can be easily tailored via
their strong dependence on the structure and composition, which in turn can be
controlled by varying the PLD frequency. Figure 2.4 shows dependences of magnetizations on increasing temperature for zero-field cooled films deposited at 1 Hz,
5 Hz and 8 Hz and magnetized at Ba = 2.5 mT and T = 10 K. Critical temperature
was determined from Figure 2.4 as a first point of magnetization coincidence with
the temperature axis (the best seen in the inset of Figure 2.4). The following values
for critical temperature are obtained: Tc ' 90.0 ± 0.5 K for the 5 Hz and 8 Hz films
and Tc ' 91.5 ± 0.5 K for the 1 Hz film. As can be seen in the inset to Figure 2.4,
the critical temperature decreases with increasing laser frequency. In Ref. [76] it
was demonstrated that higher Tc of YBCO films deposited at lower laser repetition
rate can be a result of longer oxygenation time between the laser pulses. Furthermore, the Tc transitions broadens with increasing laser frequency (Figure 2.4). It
can indicate a larger amount of non-superconducting phases or phases with weaker
superconductivity, such as domain boundaries, dislocations, oxygen vacancies, nonstehiometrical inclusions, lower lattice ordering, outgrowth, etc. Hence, it may be
appropriate to conclude that the quality of YBCO thin film degrades with increasing
laser frequency of their deposition.
The critical current density of YBCO films, being defined by pinning properties
and superconducting order parameter, demonstrate even stronger dependence on
laser frequency of film deposition. In Figure 2.5 and Figure 2.6, the critical current
density dependences on the applied magnetic field (Jc (Ba )) are shown for the films
deposited at different laser frequencies. In Figure 2.5, the Jc (Ba ) dependences are
shown for three deposition frequencies at 10 K. The critical current density increases
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Figure 2.4: Temperature dependence of magnetization measured at Ba =
2.5 mT applied transverse to the surface of the films upon heating from the
zero-field cooled state for the YBCO films deposited at different frequencies.

with deposition frequencies at high applied magnetic fields (well seen at Ba > 1 T).
It indicates an increased number of pinning centres introduced during deposition
at higher laser frequencies. The insert in Figure 2.5(b) shows the low field region
of the Jc (Ba ) dependence in log-log scale, where the so-called characteristic field
B ∗ can be determined at the crossing of the extensions to the two linear regions.
This field, denoting transition from the single vortex pinning regime at low fields
to a collective pinning regime at higher fields [92], can be used to accurately determine the pinning radius of the individual vortex pinning [120, 121]. However,
in this work it is sufficient to qualitatively demonstrate that B ∗ is the transition
from a plateau-like Jc (Ba ) dependence to the power-law dependence and is directly
proportional to dislocation density (as well as to the island density at any thickness
of the film) [92, 120]. It is easy to see that, the characteristic field B ∗ increases with
laser frequency (Figure 2.5(b)). This indicates enhanced pinning and reduction of
the individual depinning radius [120, 121]. As B ∗ is proportional to the dislocation
density (dominating pinning in PLD YBCO films), it is natural to expect an enhancement of Jc (Ba ) at high applied magnetic field (Figure 2.5) consistent with the
B ∗ enhancement. It is also consistent with the increase of the island density with
frequency (best seen in Figure 2.3(a,c) and Table 2.1), which is directly proportional
to the corresponding increase of the dislocation density [105], because dislocation
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formation predominantly occurs close to the boundary of islands [99, 106]. The
quantitative agreement between Jc (Ba = 0) and densities of dislocations or islands,
as well as B ∗ , Jc (Ba ) may be not easy to find due to the presence of other effective
pinning defects [120, 121], such as twin boundaries [86, 96], oxygen vacancies [87]
or Y2 O3 inclusions [122, 123]. Indeed, smoother transitions at the higher deposition
frequencies from the plateau-like Jc (Ba ) dependence at Ba → 0 to the power-law
dependence at the larger fields [Figure 2.5(b)] indicate a broader distribution of
available pinning sites.
It is striking to compare Jc curves measured at 10 K and 77 K [Figure 2.5 and
Figure 2.6]. The dependence of Jc (Ba ) curve on deposition frequency is reversed.
Remembering the structural feature changes associated with the changing the deposition frequency, which also results in the observed Tc (f ) behaviour (Figure 2.4), the
scenario of this reversal behaviour can be as follows. The coherence length increases
as a function of temperature and decreases as a function of critical temperature.
This means that the effectiveness of various pinning sites changes with temperature,
while at constant temperature the effectiveness is determined by critical temperature of the sample [113]. Furthermore, it is obvious that the longer the coherence
length, the more transparent the structure of the films is for the current flow. This
is valid only as long as the structure-induced reduction of the superconducting order
parameter at the defects is shorter than the coherence length. Thus, having main assumption that dislocations provide the most effective pinning in YBCO PLD films,
it is straightforward to correlate higher Jc (Ba > 1) at low temperatures in Figure 2.5(a) with a larger number of dislocations, while the transparency of the films
to the supercurrent flow is not substantially affected. This is also qualitatively in
agreement with the results obtained in Ref. [17]. There, stronger Jc enhancements
observed at low temperatures is related to a higher dislocation density induced in
the films by the artificial multilayered structure and the corresponding additional
misfit-driven relaxation of the crystal structure through formation of additional dislocations. At higher temperatures, pinning dominance of the dislocations smears out
by the presence of other structural features, as well as thermal activations. In addition, reduced critical temperature increases substantially the coherence length at
elevated measurement temperature worsening pinning efficiency even further. Collectively, these additional factors weaken the dislocation-based pinning, and reverse
the Jc (Ba ) trend so that the films with higher densities of dislocations obtained at
higher frequencies show lower Jc (Ba ) curves at high temperatures compared to the
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Figure 2.5: Critical current density dependence on the applied magnetic field
for the films deposited at different frequencies measured at T = 10 K in log (a)
and log-log (b) scale. Insert in (b) shows a magnification of the low field region
in log-log scale. The characteristic fields B ∗ , determined at the crossing point of
the line extensions from the two linear parts of the Jc (Ba ) dependences in (b),
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films with lower dislocation densities deposited at lower frequencies.
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2.6

Conclusion

In summary, high temperature superconducting YBCO thin films have been fabricated by PLD. It has been shown that the structure of these films can effectively
and easily be controlled by the laser frequency upon the deposition process. This
approach offers the possibility to design required physical properties at will via the
accurate control of the corresponding film structure.
The YBCO films possess a nontrivial response to structural changes of the films
as a result of laser frequency variation due to Stranski-Krastanov growth mode and
sophisticated chemical composition. AFM studies revealed that the island density
increased if the frequency was varied from 1 Hz to 8 Hz. Laser frequency increase
promotes the in-plane island growth and surface roughness/area decrease. The effective manipulation of the superconducting properties has been achieved by varying
the deposition frequency from 1 Hz to 8 Hz. The Tc and transition width can be
enhanced by reducing the deposition frequency down to 1 Hz. The density of the
pinning sites, described by the characteristic field B ∗ , is maximized by increasing the
deposition frequency. The increased density of pinning centres (obtained at 8 Hz)
also enhance the critical current density at low temperatures and high magnetic
fields. At the same time, the higher superconducting critical temperature (achieved
at lower deposition frequencies) lead to higher Jc (Ba ) at high temperatures. For the
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low-field region, the most optimal conditions for the Jc performance are obtained at
5 Hz.
All of these physical property manipulations were achieved in the films of the
same thickness as a result of the structural modification response to the deposition
frequency variation. The frequency of PLD technique emerges as a powerful and
promising tool for effective tuning the physical properties in thin films targeting
their particular applications.
These temperature/field/frequency dependencies provide enormous possibilities
for tuning YBCO thin film properties for particular applications. Indeed, at high
magnetic fields the films deposited at higher frequencies perform better at low temperatures and worse at higher temperatures. At the same time, at the low field
region (Ba → 0 region), the 5 Hz film exhibits the most optimal properties at
low temperatures. These differences are likely the ground for existing inconsistencies in determining the pinning mechanism in the PLD YBCO films, ranging from
dislocation dominance [91, 92, 124, 125] and twin boundaries [86] to small nonsuperconducting inclusions of Y2 O3 [122, 123] and even surface pinning [126] and
Josephson-like weak-links [127], which may simply represent different but limited
aspects of the entire picture, as shown in this work.
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Chapter 3
FePt thin film pulsed laser
deposition
3.1

Introduction

In first chapter it was shown how significant can be laser frequency influence on
YBCO films structure and related superconducting properties. YBCO thin films
were grown on STO substrates facilitating Stranski-Krastanov growth mode during
pulsed laser deposition. It is interesting to investigate how the laser frequency
variation will affect the structure and properties of films that grown via alternative
island growth mode, i.e. metal-on-insulator (Volmer-Weber) growth mode. For
this purpose laser frequency effect on perspective face-centred-tetragonal (f ct) L10 superlatticed FePt films was studied.
Most often, PVD FePt thin films are fabricated by magnetron sputtering. Its
low growth rate and equiatomic ablation lead to superlattice formation with more
equilibrium conditions than, for example, more rapid growth and different material
delivery conditions of pulse laser deposition (PLD). However, magnetron sputtering
may be considered as less technologically flexible for the growth control due to
continuous material flux delivery and less practically viable due to lower film growth
rates than PLD. The features of the advanced kinetics typical for PLD film growths,
benefiting from high and chopped (pulsed) flux of ablated materials, have been well
explored [81, 82, 83, 84]. It has been shown that unlike chemical synthesis, the
growth upon PLD process can be manipulated for both in-plane and out-of-plane
directions nearly independently. However, the benefits of the predicted PLD growth
have not been extensively employed for manufacturing of FePt films [128], most
37

3.2. EXPERIMENTAL DETAILS
likely due to the expectations of obtaining poor film properties in comparatively
low vacuum of typical PLD systems, as oppose to the high vacuum necessary for
deposition of high purity (quality) metallic films.
While requirements for the surface structure of YBCO thin films that demonstrate the best performance are not obvious because superconducting properties
of YBCO films depend on deposition conditions in nontrivial way (Figure 2.5 and
Figure 2.6), requirements for the island structure of FePt thin films for potential
applications are more straightforward. In particular, smallest possible island size
is required in recording media technology for high recording density [50, 129], in
MEMS and permanent magnets for the highest coercive field possible [54, 78]. In
ferromagnetic-superconducting combinations certain FePt structures are desirable
for optimal magnetic field compensation effect [56] (in somewhat similar fashion as
soft ferromagnets can extend the range of Meissner effect in superconductors [130]
and enhance their current carrying ability [131]).
Thickness reduction has been shown to be a common approach leading to small
sized islands in PVD thin films [54, 78, 79]. However, excessive thickness reduction
diminishes the read-back signal of recording media that should remain sufficiently
high. On the other hand, the thickness decrease reduces the magnetic energy product
of permanent magnets which is as crucial as high coercivity for these applications.
In this chapter the new behaviour of metal thin film growth kinetics on insulator is proposed and experimentally confirmed, which can be easily tuned by laser
frequency. This approach is likely to be suitable also for a range of similar materials
requiring accurate growth control and particular surface architecture.

3.2

Experimental details

For magnetic recording purposes, it is preferred to grow FePt thin films on glass
wafers [50]. However, for the epitaxial growth of the f ct FePt films, it is better to
use cubic (001) MgO or SrTiO3 (STO) single crystal substrates. Usually, MgO is
used because the lattice mismatch between the MgO and FePt crystal structures
is larger than that between STO and FePt, which leads to enhanced tensions at
the interfaces [74]. The enhanced tensions provide a smaller size of islands during
the PLD deposition and a better chemical ordering in the f ct structure. However,
we have employed STO substrates to ensure the reproducibility of the experiments,
which cannot be guaranteed in MgO single crystals due to their ageing which requires
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additional treatment, such as cleaning by ion etching, before the deposition. Thus,
the superior properties obtained in our FePt films can be further improved by using
MgO substrates if high quality surface properties can be ensured.
In this work, the same PLD system with KrF excimer laser used to grow high
quality YBa2 Cu3 O7 thin films and multilayers has been employed [17]. However,
for the FePt film deposition, the base pressure in the PLD chamber was typically
held at ≤ 10−8 Torr. The pulsed laser deposition of the films has been carried
out with the substrate temperature held at 800◦ C, so that the vacuum deteriorated
down to 10−7 − 10−6 Torr due to thermal desorption from heater. The deposition
temperature was chosen to ensure that the L10 structure of the FePt alloy forming
at 500◦ C [132, 133, 134] is complete [55, 74, 78, 128, 135]. The deposition process
has been followed by annealing at the same temperature for half an hour.
FePt film deposition was performed by alternating elemental 4N purity Fe and
Pt targets. To facilitate nearly equiatomic composition in the FePt epitaxial superlattices (see, for example, [136, 137]), the number of laser shots on the targets per one
deposition period was 34 for Fe and 18 for Pt (taking into account different ablation
[67, 138] and re-evaporation properties for Fe and Pt) with 12 periods in total. The
composition of the films was verified by Energy Dispersive X-Ray Spectroscopy over
the film surfaces. The deposition frequency was varied from 1 Hz to 6 Hz, so that the
resultant thickness of the films was approximately 20 nm. The programmable target
carousel in the PLD chamber was used to facilitate the non-interrupting deposition
process.
Atomic and Magnetic Force Microscopy (AFM and MFM) of FePt films was
performed using the same MFP-3D Asylum AFM instrument in MFM mode using
CoCr coated silicon probes with approximately 70 kHz resonance frequency, 2 N/m
spring constant and coercivity of 0.04 T (ASYMFM probes, Asylum Research). The
probes were magnetized by placing near a permanent magnet for 15-30 secs. During
MFM, an AC mode scan was first performed along a single line to record topography
after which the tip was raised above the surface (termed Nap mode, approximately
15 nm height) and scanned along the same line, while measuring the phase signal
of the cantilever in response to the magnetic force interactions between the tip and
sample. Thus, corresponding topography and MFM (phase) images were collected
simultaneously from the scan area.
Magnetization measurements were carried out on the same Quantum Design
VSM PPMS with the magnetic field applied perpendicular to the surface of the films.
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For magnetization dependence on applied magnetic field measurements magnetic
field sweep rate was kept at 5.0 mT/s. The frequency of VSM was 40 Hz and the
amplitude of vibrations was 1 mm.

3.3

Tuning surface architecture

Figure 3.1 and Figure 3.6(d-f) show respectively SEM and AFM images of the typical surface structures in the FePt thin films deposited at different laser frequencies. Generally, these structures are typical for the Volmer-Weber 3D island growth
mode of metals on insulators [83, 139]. The epitaxial growth within the islands can
be identified (i) in Figure 3.1(b,c) from a clear rectangular shape translated from
the substrate crystal lattice and characteristic orientations of some (in particularly
smaller) islands along the crystallographic axes; and (ii) by the square-like shape of
the hysteresis loops with strong coercive forces for 2 Hz and 6 Hz deposition frequencies for the out-of-plane magnetization measurements (Figure 3.3), and narrow
hysteresis with weak coercive fields and remanent magnetisation for the in-plane
magnetisation measurements (not shown). This indicates high magnetic anisotropy
typical for highly ordered fct FePt with the out-of-plane easy magnetisation axis
[133].
According to the terminology established in Refs. [83, 84], the FePt film deposited at 1 Hz has undergone the percolation transition resulting from heavily
amalgamating islands (filling holes in the film). On the other hand (Figure 3.1(c)),
the films deposited at 6 Hz exhibit well-defined rectangular (if not square) island
architecture. In Figure 3.2, the island size distribution for the 2 Hz and 6 Hz films
are shown. As can be seen, the average island size of the 6 Hz films is ∼ 45 nm.
The 2 Hz deposited film (Figure 3.1(b)) demonstrates an intermediate case with a
certain degree of islands coalescence and elongation, but no percolation. The average size of elongated islands of the 2 Hz film is ∼ 100 nm (Figure 3.2). The island
growth, coalescence, elongation, percolation and hole-filling are usual stages during
the film growth process, which occur one after another as the thickness increases
and more material is deposited on the substrate. The thickness of the film, at which
any mentioned transition occurs, depends on the temperature of the substrate and
the flux of the ablated material.
Note, this is the first time when all these growth stages are observed at the same
temperature, flux and thickness by changing only the laser frequency (with the laser
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pulse duration kept constant). Moreover, our results confirming our theoretical prediction are at odds with existing results [81, 82, 83, 84]. Obviously, this new rather
simple control of the architecture in the PLD FePt films should provide not only
their effective properties manipulation and tuning, but also technological advantages for practical applications with faster and more versatile depositions compared
to magnetron sputtering or other deposition parameter control (such as temperature, vacuum, etc). Moreover, it is likely to be applicable for other similar type of
films and applications.

Figure 3.1: The surfaces of the FePt films deposited at 1 Hz (a), 2 Hz (b), and
6 Hz (c) obtained by scanning electron microscopy (SEM).
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Figure 3.2: Island size distribution for the films deposited at 2 Hz and 6 Hz.
The island size was defined as a square root of the measured island areas.

Although the main film features observed with SEM and AFM are very similar,
finer details appear to be different in these techniques. While AFM reveals some
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features (< 20 nm) on the top of the islands (sub-island structure or droplets ablated from the target) which are best visible in Figure 3.6(e), these features are not
observed by SEM at the resolution used. On the other hand, SEM shows some tiny
islands of < 10 nm (or even clusters) in the channels between the major islands (best
visible in Figure 3.1(b)), whereas these fine islands are unreachable for the AFM
tip.
The studies of the early stages of the PLD growth have shown [81, 82] that
metal-on-insulator deposition process can be divided into three regimes, depending
on the lifetime of adatoms (τ ), the laser pulse duration (τp ), and the PLD period
(1/f ). We are interested in the intermediate regime, i.e. τp < τ < 1/f , because
our deposition satisfies this criterion. Indeed, we take our f = 1 Hz to 10 Hz and
τp ∼ 30 ns (for our excimer laser). While we can estimate τ from the assumption
that in our process, with the substrate is heated to 800◦ C during the deposition, the
lifetime of adatoms is mostly driven by strong re-evaporation (rather than diffusion)
with the time scale given by [139]
τe ∼ ν

−1

Ea
exp
kTsub




(3.1)

where Ea is the re-evaporation energy (a typical value is ∼ 1.6 eV) [140]), k is the
Boltzmann constant, Tsub is the substrate temperature, and ν is the adatom reevaporation attempt frequency with a typical value being of ∼ 1011 − 1013 Hz [139].
It gives as τe ∼ 0.005 sec, which falls within the limits of the regime considered. In
this regime, the density of the islands has been shown [81, 82] to vary by f with
the assumption that the product τp f remains constant. In this case, the density
would decrease if f increases due to smaller amount of material ablated (as τp
would decrease). This is valid at the beginning of the island nucleation, before the
15% coverage of the film surface is reached and no significant impingement between
islands occurs. In contrast, τp is not varied in our work. This would mean that
according to [81, 82] the island concentration should not depend on f , whereas a
strong dependence on the PLD frequency is observed.
The later stages of the PLD film growth are studied and modelled in Refs. [83, 84,
141] with the main processes being impingement, coalescence and elongation of the
islands. The elongation transition is triggered as soon as the coalescence time scale
τ ∼ R4 (where R is the radius of the island) becomes larger than the impingement
time scale [83, 139, 141]. The latter is proportional to the lateral growth time scale
of 3D growing islands. Therefore, if we still consider an increasing f , we should
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expect a decreasing time for impingements, which in turn (remembering that the
number of the islands does not increase) leads to the elongation (increased size of the
islands) and eventually to the percolation. We can see some general confirmation
of this trend in Figure 3.1 and Figure 3.6(d-f). The larger islands in Figure 3.1(b)
and Figure 3.6(e) are elongated whereas the smaller islands in Figure 3.1(c) and
Figure 3.6(f) are separated and tend to coalesce. However, this trend observed has a
major difference to the model described above. The density of the islands rises with
the increasing frequency. Note, it is not a thermodynamically driven dependence
since the deposition temperature and the annealing time have been kept identical
for all the films.
Thus, we observe that the size of the islands is of the same order for different
films, but distinctly larger for the film deposited at 2 Hz than for the film deposited
at 6 Hz (Figure 3.1 and Figure 3.6(d-f)). Taking into account these observations,
we propose the following scenario with the central assumption being that the laser
frequency affects the ratio of the out-of-plane to in-plane growth. At lower frequencies, if substrate surface coverage is significant (Figure 3.7(c-f)), the islands tend to
grow preferably in-plane, eventually experiencing impingements; whereas at higher
frequencies they prefer to grow out-of-plane, remaining separated. In this scenario,
the thickness would obviously be sensitive to the ratio changes, which is shown to
be a critical factor in the film growth transitions [78].

3.4

Properties

The properties of FePt films appear to be easily tailored via their strong dependence on the structure, which in turn can readily be controlled by varying the PLD
frequency. Indeed, the film deposited at 1 Hz consists of the large interconnected
percolative islands (Figure 3.1(a)) and demonstrates a narrow hysteresis loop with
a small coercive field Bc ∼ 0.1 T (Figure 3.3), which is determined by the quasicontinuous surface structure. It creates negligible pinning for magnetic domain walls,
which are rather freely move through the quasi-continuous film structure (as will be
confirmed with MFM studies below). The films deposited at higher frequencies exhibit qualitatively different surface patterns (Figure 3.1(b,c)) and correspondingly
dramatic difference in the magnetic behaviour with very large coercive fields (Figure 3.3). The hysteresis loops measured in the magnetic field applied perpendicular
to the surface of the films are typical for highly ordered fct-FePt island structures
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Figure 3.3: Hysteresis loops of the FePt films deposited at different frequencies
with a field applied perpendicular to the surface of the films. The inset shows
hysteresis loop of the film deposited at 1 Hz.

with the easy magnetization axis being out-of-plane of the films. The coercivity
fields of the 2 Hz and 6 Hz films are identical despite of drastic differences in their
structures (Figure 3.1(b,c) and Figure 3.2). Moreover, the Bc of these films is almost identical over the entire temperature range from 300 K to 4.2 K (Figure 3.4),
indicating similar magnetic anisotropy Ku .
The hysteresis loops in Figure 3.3 for the films deposited at f > 1 Hz reveal a
step-like feature around zero applied field. These steps were shown to be the soft
magnetic contribution from poor chemical ordering [54] or/and as a result of pure
Fe droplets incorporated in the films, which can be a by-product of the PLD process
[55]. The 2 Hz film shows a much smaller step compared to the 6 Hz film probably
due to the differences in the growth kinetics producing larger islands and more likely
forming more ordered structure and composition across the 2 Hz film. Droplets of
any kind have not been observed in our films by SEM. In general, there are several
technological ways of removing these steps, such as the increase of the deposition
temperature, annealing time, or laser energy.
To emphasise the influence of the film structure on physical properties, we
have obtained the so-called switching field distribution (SFD) for both films [142,
143]. The switching field distribution (Figure 3.5) shows the type of interaction
(exchange/dipole-dipole) between relevant structural or magnetic elements of a film

44

3.4. PROPERTIES

6.4

6 Hz film

6.0

Coercive field

C,

T

2 Hz film

5.6

5.2

4.8

4.4
0

50

100

150

200

Temperature

250

300

T, K

Figure 3.4: Coercive field dependence on temperature for 2 Hz and 6 Hz deposited films.
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Figure 3.5: Switching field distribution of the FePt films deposited at different
frequencies.

(islands or domains). Around the coercive field (∼ 4.6 T) both films demonstrate
strong dipole-dipole interactions between islands, demonstrated by negative peaks.
However, these interactions are by a factor of two smaller for the 6 Hz film than
that for the 2 Hz film, indicating that the level of the interaction is proportional
to the island size. A lower level of the interactions between the islands can make
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the structure obtained at 6 Hz more suitable for applications than the one obtained
at 2 Hz. It also again emphasizes the ease of the tunability of magnetic properties
which can be achieved by varying the deposition frequency.

3.5

Magnetic structure

Figure 3.6: Magnetic force microscopy (a,b,c) and corresponding atomic force
+ magnetic force microscopy (d,e,f) images of 1 Hz (a,d), 2 Hz (b,e) and 6 Hz
(c,f) deposited FePt films.

The magnetic domain structure for the films was studied by AFM and MFM,
in order to correlate the magnetic structure with the surface morphology. Before
imaging, the FePt samples were magnetized in PPMS at Ba = −8 T to obtain uniform negative magnetization through the film, and then demagnetized by applying
the field equal to the coercive field value (at 0.1 T for the 1 Hz film, at 4.6 T for
the 2 Hz and 6 Hz films) to have the parity of positively and negatively magnetized
areas. Figure 3.6 shows MFM images (a-c) and overlayed images of MFM with their
corresponding topographic AFM images (d-f) of FePt thin films deposited at different frequencies. The dark and bright parts in the images represent the magnetic
film domains with upward and downward magnetizations, respectively.
Single domain (SD) structure is obtained for both 2 Hz and 6 Hz films (Figure 3.6(b) and (c), respectively), the SD structure implies that the shape of magnetic
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domains match exactly the shape of the FePt islands (Figure 3.6(e) and (f)). All
SD regions are slightly lighter (or darker) towards their edges due to the flux compensation between the opposite magnetic fluxes from the domains with opposite
magnetization at the island periphery (Figure 3.6(b,c)). The level of grey tone may
differ for different domains due to different island volumes and/or composition variation resulting in their different magnetizations. The demagnetization in the samples
with the SD structure is dominated by the spontaneous flip of the magnetization
orientation, assisted by a high out-of-plane magnetic anisotropy. This demagnetization process is responsible for the high coercive fields. Magnetic landscape recorded
for the 6 Hz film (Figure 3.6(c)) indicates the capability for a further enhancement
of the resolution for applications in magnetic recording media.
The multiple magnetic domains (uninterrupted by structural edges) can be
identified in the 1 Hz film possessing so-called percolated surface structure (Figure 3.6(a,d)). Such multiple domain (MD) structure can also be found in the films
with the island structure, if the size of the islands exceeds the critical size of the
SD islands (∼ 200 nm for the in-plane direction [144, 145]). The demagnetization
process of the MD films is dominated by the nucleation of magnetization reversal
followed by domain wall displacement, which is energetically favourable without
structural pinning for the domain walls. It would explain the low coercive fields in
these films, in spite of their high magnetic anisotropy.
Note, such magnetic structure variation was observed before only in films with
significantly different thicknesses [144, 145], implying corresponding structural differences required for the different states of the magnetic domain formation. In our
case, the thickness of the films is identical. The structural differences and, hence,
different magnetic domain formation driving the corresponding magnetic properties
of the films are obtained through laser frequency adjustment, which emphasises the
tuning efficiency of the laser frequency upon PLD.

3.6

Quantitative growth model

To check the film growth scenario when the laser frequency affects the ratio of inplane to out-of-plane growth rates, the mean field theory has been employed [82,
139]. Considering typical island geometry being rectangular at a stage with relatively
high film coverage, we can divide all the surface of interest into three zones: (i) top
of the islands, (ii) side of the islands, and (iii) the bare substrate between the
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islands. At this stage, we turn on our model deposition neglecting an opportunity
for new island formation (restricting the largest possible cluster size by n atoms),
in particular taking into account the high deposition temperature facilitating high
mobility of even large clusters [146, 147]. The main difference between these zones is
determined by the deposition vector and the adatom/cluster absorption. Obviously,
the sides of the islands (parallel to the deposition vector) obtain much less material
for growth than the top of the islands. Hence, for the islands to grow in-plane
adatoms/clusters should migrate from the top of the islands and from the substrate.
In this case, the islands would have different rate of absorption for incoming material,
whereas the mechanism of absorption is less important.
Growth rate equations which depend on the densities of the adatoms (ρ1 ) and
clusters (ρj ) on the top of the island can be derived as follows.
n
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where the diffusion coefficient of a cluster with i atoms is
Di = i

−α

Ed
νa exp −
kTsub


2



(3.4)

with α = 1.5 to 1.75 for clusters on an island and α = 1.3 for the clusters on a
substrate [146, 147]). In these equations, F is the flux of adatoms per pulse, Ω is
the atomic volume, ρi is the number of clusters with i atoms per unit area, n is
the critical size of mobile cluster (clusters with more than n atoms are adsorbed by
islands), L is the lateral size of an island, and df is the thickness of the film (the
height of an island), a - lattice parameter.
In the first term of Equation (3.2), it is presumed that all other adatom contributions are negligible compared to the incident flux. The second term represents the
loss of adatoms by direct incident flux and their insertion into different size clusters.
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These adatoms (partially) re-emerge in size j clusters after direct impingement with
(j − 1) clusters in the first term of Equation (3.3) (and the second term in Equation 3.6). The third term in Equation (3.2) takes into account the evaporation of
adatoms. The fourth term represents the loss of adatoms by coalescence with other
clusters, which is similar to the third term in Equation (3.3) for clusters rather than
adatoms. The fifth term in Equation (3.2) and the forth term in Equation (3.3)
are responsible for the loss of adatoms/clusters by their migration from the top of
islands to their sides. The last term in Eqs. (3.2) and (3.3) considers the reverse
migration of adatoms/clusters from islands sides to their tops. The last two terms in
both equations enable the in-plane island growth because material is not deposited
on side of the island directly. The second term in Equation (3.3) emerges due to
coalescence of two arbitrary clusters into size j clusters. The cluster disintegration
(breakage) is not taken into account (irreversible aggregation limit).
Similar rate equations to Eqs. (3.2) and (3.3) must be considered for the free
surface of the substrate and for the sides of the islands. All six obtained equations
are interconnected through terms similar to the last two terms in Eqs. (3.2) and
(3.3), which describe possible migrations of adatoms shown in Figure 3.7(e) by the
arrows. However, in the two equations for the side of the islands there are obviously
no terms responsible for the deposition of adatoms from the incident flux.
Finally, we consider the rate equations for the in-plane growth
n
n
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and the out-of-plane growth
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which are computed simultaneously with the six rate equations for the atom/cluster
density. The computation was performed employing standard Euler finite-difference
scheme.
Figure 3.8 shows the ratio of the in-plane to out-of-plane growth rate dependence
on the PLD frequency and different surface coverage obtained from Eqs. (3.5) and
(3.6). Initial conditions for the computations were deduced from the film structures
shown in Figure 3.1 and Figure 3.6(d-f) and experimental details. Islands dimen49
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Figure 3.7: The schematic stages of the growth model proposed: (a,b) the very
initial stage of island nucleation after just a few laser shots with insignificant
substrate coverage with mostly 2D in-plane growth ,which is not considered in
our computations; (c,d) the intermediate stage with a low/medium coverage by
a number of small islands still growing mostly in-plane; (e,f) the late stage with
a significant coverage of the substrate by the rectangular islands growing mostly
out-of-plane, while the in-plane growth occurs as a result of adatom/cluster migration to the sides of the islands (the arrows in (e)). Freshly deposited (hot)
adatoms are shown in green, while the settled adatoms are depicted in grey (a,c,e).

50

3.6. QUANTITATIVE GROWTH MODEL
sions ratio and density are kept constant independent of surface coverage. A model
film with 75% coverage consists of rectangular islands having the size of 125 × 125
unit cells in-plane and 90 cells out-of-plane with 20 unit cells gap between the neighbouring islands. These parameters of the modelled islands match with the size of
the average islands of ∼ 40 nm in-plane and ∼ 20 nm out-of-plane in Figure 3.1(c)
and Figure 3.2, and correspond to deposition stage in Figure 3.7(e,f). A model film
with 40% coverage consists of rectangular islands having the size of 90×90 unit cells
in-plane and 65 cells out-of-plane with 55 unit cells gap between the neighbouring
islands. It corresponds to the earlier deposition stage exhibited in Figure 3.7(c,d).
For each model film the initial density of adatoms/clusters was zero. Experimentally,
it can be attributed to the deposition interrupted by switching targets from Fe to
Pt at a certain surface coverage. This interruption would allow all adatom/cluster
migration and adsorption processes to settle. The initial stage of the deposition
(Figure 3.7(a,b)) reflecting island nucleation is not considered in our computation.
This is because these two stages of nucleation and then growth rely on respectively
different growth and nucleation physical processes involved.
The flux F = 0.1 atoms per laser pulse per square cell was chosen with 30 nanosecond pulse duration. The largest mobile cluster (n = 50 atoms) is assumed to travel
the maximum distance comparable to the lateral dimension of the largest island over
the duration of the deposition.
The computation has been done over the deposition frequency range from 1 to
100 Hz. This range covers not only frequencies used for deposition in this work,
but also partially covers frequencies of existing industrial high-rate pulsed laser
deposition systems [148]).
The ratio of the growth rates obviously evolves with the number of shots (laser
pulses). At low frequencies, the ratio is only marginally larger upon increasing
the number of shots (Figure 3.8) for any surface coverage. Obviously, insufficient
material is delivered to the substrate at low frequencies, hence the steady growth
state does not significantly differ from just a few shots a large number of shots.
At higher frequencies, the difference in the ratio notably increases with increasing
number of shots. In this case, due to the large amount of delivered material more
shots is required to reach the steady state. The in-plane growth is boosted by the
amount of the delivered material, and the ratio can even reverse its trend from
decreasing with increasing frequency (after 4 shots) to increasing with increasing
frequency (after 10 shots) for the case of 40% surface coverage. This boost in the
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Figure 3.8: The ratio of the in-plane to out-of-plane growth rate dependence
(Rin/out ) on the PLD frequency at different surface coverage calculated from the
growth rate equations Eqs. (3.5) and (3.6). The lines are guides to an eye.

in-plane growth rate is due to a higher concentration of clusters on the sides of
islands with increasing number of shots. In the case of the low surface coverage, the
additional boosting factor is accumulation of clusters on the free surface of substrate,
which is so substantial that enables the reverse in the ratio trend.
After > 20 shots, the growth ratio reaches its certain equilibrium and does not
change significantly, indicating that the steady growth state is reached over the
entire frequency range considered. It is this state, which is normally fulfilled during
the uninterrupted PLD process.
Note, the consideration above is applicable to the FePt film deposition, which
requires the switching between Fe and Pt targets with the number of shots (34 for Fe
and 18 for Pt) being in the range considered in the model. Indeed, every interruption
required for the switching the target is assumed to facilitate the initial conditions
of the growth, which are adopted for the model calculation.
In general, the ratio in Figure 3.8 is always below unity, this means that in this
island geometry the growth is faster out-of-plane than in-plane. At the significant
(75%) substrate coverage (Figure 3.7(e,f)), the in-plane growth becomes even slower,
so that slower depositions (low frequencies) would promote the in-plane growth,
while faster depositions (higher frequencies) would result in taller island-like architecture (which is likely to eventually coalescence with a rough continuous surface
morphology). Within the experimental deposition frequency range, the ratio of the
in-plane to the out-of-plane island growth rate drops by ∼20% (Figure 3.8(a)) if the
frequency of laser deposition increases from 1 Hz to 6 Hz.
If the surface coverage is rather low (40%), the ratio decreases with increasing
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frequency until ' 35 Hz and then increases at f > 40 Hz. In the experimental
frequency range (1 Hz to 6 Hz), the ratio of the in-plane to the out-of-plane island growth rate decreases by ∼5% (Figure 3.8(b)). At low deposition frequencies
re-evaporation plays an important role decreasing adatom concentration. At this
relatively low concentration, the major factor of growth kinetics is insensitivity of
the sides of the islands to incident flux (the same mechanism as at high coverage). At
high deposition frequency, the adatoms are mostly adsorbed by clusters and do not
re-evaporate. In this case, the growth kinetics is controlled by the ratio of the island
surface to free substrate surface. As soon as the number of shots is increased above
a certain threshold the in-plane growth is dramatically accelerated at f > 40 Hz,
and the ratio starts increasing.
First of all, these results prove our assumption made on the basis of our experiment that the deposition frequency effectively affects the ratio of the in-plane to
out-of-plane growth. Secondly, Figure 3.8 demonstrates nontrivial behaviour of the
ratio with frequency at different surface coverage. This result can be applied to any
PVD system for the particular conditions considered in this work, while Eqs. (3.2),
(3.3), (3.5) and (3.6) can be used to model architectures at a broad range of conditions.

3.7

Conclusion

In summary, FePt thin films have been fabricated by pulsed laser deposition. The
structure of the films has effectively been controlled by the PLD frequency variation. Dramatic improvement (from the point of view of magnetic properties) of the
in-plane film structure has been achieved for the films with a constant thickness by
increasing the frequency. These structural changes contradict to the growth patterns and their models reported in the literature. A new model has been proposed
to explain this behaviour. The model considers the specific geometry of the film
islands: for a substantial film coverage, the islands are considered to have rectangular cross-sections with identifiable out-of-plane oriented sidewalls parallel to the
incident ablated material. This governs a slower in-plane growth compared to the
out-of-plane growth. The model proposed provides quantitative agreement with the
experimental results. The in-plane growth rate has been shown to decrease with
increasing frequency, leading to the smaller individual islands at a certain thickness (in contrast to YBCO films where laser frequency increase promotes in-plane

53

3.7. CONCLUSION
growth and surface roughness/area decrease). Obviously, by increasing the laser
frequency islands are prevented from impingement for certain thicknesses with the
neighbouring islands proportionally to the slower in-plane growth rate.
The effective manipulation of the structural changes and its quantitative description offer a promising tool in tuning thin film physical properties important
for applications. By the 6-fold variation of the frequency (from 1 Hz to 6 Hz), the
20-fold variation in the coercive field (from 0.2 T to 4.6 T at room temperature,
respectively) with switch of demagnetization mechanism was obtained in the FePt
thin film in spite of the relatively low vacuum used in our deposition chamber.
There are a number of ways to further improve structure and properties of our
films. First of all, the deposition of FePt films on the MgO substrates (instead of
STO) should decrease typical size of island. Obtaining higher vacuum during PLD
should even further increase the coercive field for high-performance films. Moreover,
the deposition density of the islands at early deposition stages is proportional to the
ratio of the material flux to its diffusion ∝ (F/D)χ [82] (where χ ' 1/3 is a scaling
exponent), both can be controlled by the deposition parameters. Hence, increasing
the island density at the early stages and preventing them from impingement and
coalescence at later stages can significantly improve the island film performance for
various applications.
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Critical properties of
superconducting thin films
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Chapter 4
Critical current density of YBCO
thin films
4.1

Definition of the critical current in YBCO
thin films

At low temperatures (for example at boiling temperature of liquid He), at which
thermal activation of vortices is negligible, the flux line lattice is pinned when the
total Lorentz force applied of FLL by transport current is balanced by total pinning
force, i.e. F~L = F~p . This equation becomes a definition of the critical current (Jc ) in
~ ).
a superconductor when Lorentz force reaches the limit of pinning force (F~L = Fpmax
It states that the maximum current applied on vortex lattice that remains pinned is
called the critical current. According to the definition two states of the vortices exist:
(i) pinned vortex state at currents lower than the critical one (i.e. FL = Fp < Fpmax );
(ii) magnetic flux flow state at currents higher than the critical one (i.e. FL > Fpmax ).
These two states can be easily distinguished on I-V plot; around transition from
pinned FLL to flux flow I-V characteristic of the superconductor reminds a step
function (Figure 4.1) [149]. At significant applied magnetic fields, where vortex
density is high, not all vortices are necessary pinned. Due to rigidity of vortex
lattice [96, 150], portion of vortices np pinned with force f~p can immobilize the
entire number of vortices nv under applied Lorentz force f~L . The definition of the
~ .
critical state modifies to nv f~L = np fpmax
The critical current, determined by the limit of Lorentz force - pinning force
balance, can be measured by 4-probe transport measurements when a voltage signal
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(electric field) above certain level (known as a criterion Ecr ) is be detected. Note,
that Jc measured at low temperature is not affected by value of Ecr . Indeed, as
shown in Figure 4.1 due to sharp transition between pinned FLL and flux flow
Jc (E1 ) ' Jc (E2 ) even for E1 >> E2 .

Figure 4.1: Schematic illustration of typical E-J (I-V) characteristic for superconductor at low temperature (where thermal activations are negligible) and high
temperature (where thermal activations are significant).

At elevated temperatures (for example at boiling temperature of liquid N2 )
pinned vortices can escape from pinning centres when applied current is smaller
than critical one due to thermal excitation [151, 152, 153, 154, 155]. Anderson
and Kim proposed an Arrhenius probability of vortex depinning due to thermal
excitations P ∼ exp (−U/kT ), where P is a depinning probability, U is a vortex
pinning potential well - a difference in the Gibbs function of the system between
when the vortices are in the pinning well and when they are moved away from it, k
is a Boltzmann constant and T is a temperature. Energy, associated with pinning,
U = U (J, B, T, type of pinning) is the main characteristics of the approach and depends on various parameters (applied current, applied magnetic field, temperature,
pinning centres (form/strength/distribution), vortex state (lattice/glass/liquid)) in
nonlinear way [155].
Due to thermally promoted depinning of vortices, I-V plot becomes an exponentiallike function (as expected from the Arrhenius probability) with three distinct regions
(see schematic illustration on Figure 4.1): thermally activated flux flow (TAFF), flux
creep and flux flow regions [96, 149, 156]. In first two regions, where current is below
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the critical value (i.e. FL < Fpmax ), notable energy dissipation still occurs due to
“creep” of thermally excited FLL. Thus, definition of critical current of superconductor at elevated temperature is vague and requires to include amount of allowed
electric field dissipation.
Experimental determination of critical current at elevated temperature is less
certain compare to low temperature case. Indeed, while at low temperature choice of
Ecr does not affect Jc significantly, at elevated temperature the difference becomes
tremendous (in Figure 4.1 at high temperature J(E1 ) >> J(E2 )). As will be shown
below, the difference between Jc determined employing different Ecr can reach an
order of magnitude.
In order to standardize the critical current transport measurements superconducting society established common electric field criteria: the current is considered
as critical when the voltage signal reaches 1 µV/cm. However, measurement of
critical current by four-probe method is not the most efficient due to the following
reasons: (i) A superconducting current measured employing Ecr = 1 µV/cm can
be substantial and can cause a significant heating of nonsuperconducting parts of
measurement setup (for example current leads and contacts). The heat release can
drop the superconducting performance. Moreover, a critical current at zero applied
magnetic field can be above the current source range. (ii) Transport measurement
of Jc in superconductors in form of thin film is destructive: in order to perform a
measurement the sample need to be patterned into microbridge.
In last decades a lot of nondestructive measurement techniques were developed,
such as magnetization measurements [157], AC susceptibility measurements [158],
magneto-optical imaging [159, 160]. Unlike in four-probe method, the voltage is
not measured externally in those techniques, but vortex motion (vortex creep) still
does take place and an electric field generated by vortex creep is considered as
electric field criterion Ecr . Ecr ’s of those techniques are significantly different and
usually are much lower than artificially defined Ecr = 1 µV/cm. Thus, the value
of critical current obtained by different techniques will not coincide (Figure 4.1),
making impossible a practical comparison of Jc for the same material.
Thus, a model for critical current is required that takes into account electric
field generated during Jc determination for practical comparison of data obtained
by different measurement techniques at elevated temperatures (at which the role of
thermal excitations is significant). The model should be based on pinning properties
of YBCO thin films in order to be able to consider YBCO films deposited in different
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conditions. Some models based on pinninng properties of YBCO do already exist [86,
91, 123], but usually they are valid for low temperatures and low/medium applied
magnetic fields region, where the definition of critical current is valid. Some models
(see for example Ref. [161]) can be used at elevated temperatures but, being quantitative, rely on external parameters and do not take into account generated electric
field . Some successful models do not take into account the nature of pinning [162].
Below the model for the critical current density dependence on applied magnetic
field valid for entire field range is presented. The model takes into account electric
field criteria and will be successfully applied for different measurement techniques.

4.2

All-field range critical current density model
for YBCO thin films

The model for critical current in YBCO thin films described below is based on vortex pinning on out-of-plane edge dislocations, which are shown to be the dominant
pinning defects [75, 92, 104, 105]. These dislocations form low-angle domain boundaries between single-crystal domains [99, 106] with the missorientation angle not
exceeding 1◦ [26]. The domain boundaries are formed naturally during pulsed laser
deposition of YBCO film due to the mixed island film growth mechanism [76, 97,
99, 100, 101, 102, 103].

4.2.1

Dislocation pinning model

Within Ginzburg-Landau theory it can be shown that the depth of potential well
created by cylindrical pinning centre aligned with the vortex (such as out-of-plane
dislocation) is [91, 96, 163]:
εpin

r2
ε0
' ln 1 + 02
2
2ξ

!

(4.1)

where εpin is the vortex pinning energy on dislocation (potential well depth), ε0 =
Φ20 dp /(4πµ0 λ2 ) is the vortex energy with µ0 being permeability of free space, Φ0
being a magnetic flux quantum, dp being the thickness of the film (dp = 300 nm),
λ = λ(T ) is London penetration depth, r0 is the radius of dislocation core, ξ = ξ(T )
is the coherent length.
The probability for vortex within the perfect vortex lattice to be positioned
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exactly on the pinning centre statistically is negligible because of small diameters
of both pinning centre and vortex core. Commonly, the vortex within the perfect
FLL will be located at certain distance from the pinning centre. In order to become
pinned the vortex need to shift from equilibrium position in FLL to the pinning
centre, disturbing the vortex lattice order. Thus, the probability of the vortex to
be pinned is defined by the competition between the energy of vortex displacement
from the perfect FLL and its pinning energy on dislocation (Eq. 4.1).
Vortex displacement can happen either through vortex lattice compression mechanism or vortex lattice shear mechanism (or combination of these two mechanisms)
[96]. Vortex lattice shear modulus c66 of high temperature superconductors is significantly lower than vortex lattice compression modulus c11 [96, 164]. Thus, in YBCO
thin films the displacement of vortex from equilibrium position in FLL happens
through lattice shear. Vortex pinning energy (Eq. 4.1) compete with elastic shear
energy, which is proportional to the square of displacement:
εd (δ) ' C66 (H)δ 2

(4.2)

where vortex lattice shear modulus C66 = ε0 /(4a20 ), a0 = a0 (H) is a vortex lattice
parameter, δ is displacement distance from VLL equilibrium position to pinning
centre. Note, that in superconducting thin films for out-of-plane applied magnetic
field orientation Ba ' H. Comparing lattice shear energy (Eq. 4.2) and vortex
pinning energy (Eq. 4.1) the critical value of the vortex displacement can be found:
r0
δ=
ξ

s

Φ0
Ba

(4.3)

where r0qis the dislocation core radius (taken as 1 nm for calculations [91, 107]),
ξ = ξ0 / 1 − (T /Tc )4 - coherent length (ξ0 is taken as 2 nm). On Figure 4.2 the
core idea of vortex pinning on dislocation is presented. Figure 4.2(a) shows the total
energy gain [εd −εpin ] from the vortex displacement from FLL equilibrium position to
the pinning centre. If the distance from equilibrium position in FLL to pinning centre
is larger than δ (Eq. 4.3), the drop of potential energy due to vortex pinning is smaller
than energy rise due the vortex shear displacement (Figure 4.2(a,c)) and the vortex is
considered as not pinned. On the contrary, if the distance from equilibrium position
in FLL to pinning centre is smaller than δ, the energy drop from the vortex pinning
overcomes the energy rise from the vortex shear displacement (Figure 4.2(a,b)) and
the vortex is considered as pinned. Simply speaking, a single vortex within ideal
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Figure 4.2: a: Schematic comparison of vortex displacement energy with pinning
energy; b: Vortex is considered as pinned by the dislocation if the distance from
VLL equilibrium position to the pinning centre is below δ; c: Vortex is not pinned
by the dislocation if the distance from VLL equilibrium position to the pinning
centre exceeds δ.

FLL is considered to be pinned by out-of-plane dislocation if it is located inside a
pinning zone of radius δ around the dislocation, illustrated in Figure 4.2(b,c).
As was discussed, in pulsed laser deposited YBCO films dislocations are distributed along low-angle domain boundaries. Let’s assume that the entire domain
boundary itself is an extended pinning centre. Following the logic represented by
Figure 4.2 the vortices are considered as pinned by domain boundaries if they are
located within the pinning zone around domain boundaries. The pinning zone, established as an area where pinning energy of vortex exceeds elastic shear energy of
FLL, is an area of 2δ (Eq. 4.3) width along the domain walls, as shown in Figure 4.3.
The number of the vortices that are considered to be pinned (np ) is the number
of vortices located in the pinning zone of 2δ thick around the domain boundary
(Figure 4.3). Hence, the ratio of pinned vorteces (np ) to total number of vortices
(nv ) can be simply expressed as the relative pinning area around domain boundaries.
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Figure 4.3: Domains are approximated by rectangular cross section with average
size < L >. Vortices are depicted as circles. Vortices within δ from domain walls
are pinned.

Note, that the ratio np /nv , called as accommodation function, gives a probability
of vortex to be pinned by domain boundary. Approximating domain shapes with
rectangles of size Lx × Ly the ratio np /nv can be found as a ratio of the pinning
zone of width δ inside the domain to size of the entire domain [91, 165]:
Z 2δ
np
W dLx dLy +
=
nv
0
!
Z ∞
(Lx − 2δ)(Ly − 2δ)
+
W 1−
dLx dLy .
Lx Ly
2δ

(4.4)

where the first term on the right hand side represents the case when one of the
domain sides is below 2δ (in this situation the entire domain represents a pinning
area), and the second term is for the case when both domain dimensions exceed 2δ
size (in this case the central domain area of the (Lx − 2δ) × (Ly − 2δ) size is free of
pinning). The probability density W for the domain to have the size L is given by
gamma probability distribution [91]:
L
1 Lν−1
W (L) =
exp −
ν
Γ(ν) µ
µ

!

,

(4.5)

where µ = hLi /ν (hLi is an average domain boundary length) and Γ(ν) is the
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Gamma function. Taking probability density W into account, the ratio np /nv is:
np
Γ(ν, 2δ/µ) − 2δ/µΓ(ν − 1, 2δ/µ)
=1−
nv
Γ(ν)

!2

.

(4.6)

The accommodation function is obtained considering the entire domain wall as
pinning centre. The second step in calculation of the portion of pinned vortices is
consideration of constitution of domain walls, i.e. vortices located within the domain
wall pinning zone (Figure 4.3) are pinned by single dislocations separated by distance
d. Thus, the accommodation function can be corrected by geometrical pinning
probability coefficient, which represents the ratio of pinning areas around single
dislocations (Figure 4.2(b)) within the domain wall to pinning area of domain walls
(Figure 4.3) Note, parameter δ in Eq. (4.3) clearly depends on the applied magnetic
field. Hence, a geometrical pinning probability coefficient can be introduced as
follows. At high fields, where 2δ < d, each dislocation core in the domain wall acts
as single pinning centre (Figure 4.4). In this case, the geometrical correction is the
ratio of circular pinning zone around the dislocation πδ 2 to all boundary square
2δd. On the other hand, at low fields where 2δ > d, most of the domain wall acts
as a pinning area because pinning zones of radius δ around dislocations overlap
(Figure 4.4). The geometrical correction for the case 2δ > d is defined at the same
way as above, but the pinning zones around the dislocations are approximated with
ovals tangent to each other in order to exclude double accounting of overlapped
pinning areas (Figure 4.4). The geometrical coefficient for this cases is [91, 165,
166]:

 πδ/ (2d) ,
2δ/d < 1

Ksh = R d/2
(4.7)
1/n
m

(1 − (x/δ) ) dx / (d/2) , 2δ/d > 1
0
It should be noted that this equation does not take into account the situation
for d ≤ ξ. In this case, the pinning potential resembles continuous channels with
negligible modulation along the walls, but strong pinning transverse to the domain
walls. This situation with dislocation so close to each other resembles the potential
considered for twins as additional pinning centres in YBCO film [86] or even the
extreme regime of weak-links between grains applicable to coated conductors [26,
165].
The product (np /nv ) Ksh represents the statistical probability of vortex to be
pinned on out-of-plane edge dislocations, that form a low-angle domain boundaries
in pulsed laser deposited YBCO thin film. The probability (np /nv ) Ksh is a function
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Figure 4.4: Schematic illustration of geometrical factor. At high fields critical
displacement distance δ is smaller than the distance between dislocations and
the pinning area is confined to the circular zone around each dislocation. At
low fields the distance δ is larger than the distance between dislocations, circular
zones around dislocation overlap each other and the pinning area is approximated
with the oval.

of applied magnetic field, thus it reflects the dependence of critical current of YBCO
films on applied magnetic field J(Ba , T )/J0 verified successfully in Refs. [91, 165].
However, it is appropriate mainly for low temperatures and low/middle fields. At
higher fields and temperatures, it is important to take thermal activations of vortices
into account, which are pronounced at high working temperature of YBCO, inducing
vortex depinning and flux creep.

4.2.2

Flux creep contribution

At high fields and/or temperatures, thermally activated processes play important
role. As a result, significant flux creep occurs. To take the flux creep into account
within the model, the classical Kim-Anderson [151, 152, 167] approach is used. The
speed of the vortex creep can be found as:


V = a0 ν0 exp −

U
kT

q





sinh

UL
kT



,

(4.8)

where a0 ' Φ0 /Ba is the parameter of the FLL, U - pinning potential, k - Boltzmann constant, UL - driving (Lorentz) force potential.
Lorentz force potential UL is proportional to the current density by definition
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and can be taken as

1
J
(4.9)
α
where α is a free parameter. The value (ν0 ) for vibration frequency of a vortex lacks
consistency in the literature. In different works, significantly different values can be
found from ∼ 105 s−1 to 1013 s−1 [151, 167]. These differences can be explained by its
dependency on temperature with the limiting frequency given by atomic vibration
frequency.
Now, taking into account that (np /nv ) Ksh is the probability of a single vortex
to be pinned, the pinning potential for one arbitrary vortex within the FLL can be
introduced as
np
U = U0 Ksh
(4.10)
nv
UL =

where U0 = βkT is a pinning potential of one pinned vortex, β is another free
parameter. Note, that vortex pinning potential U introduced in Eq. 4.10 depends
on thin film pinning properties (edge-dislocation density and distribution) trough
hLi and d.
Combining Eqs. (4.6)-(4.7) and taking into account that vortex motion causes
~ = V~ × B),
~ the dependence
energy dissipation through generation of electric field (E
of current in YBCO films on working temperature, applied magnetic field, generated
electric field and pinning landscape is obtained:
J(Ba , T ) = αkT ×
"

#

np
E
exp β (Ba , T )Ksh (Ba , T )
asinh
a0 (Ba )ν0 (T )Ba
nv

4.2.3



(4.11)

Verification of the model by transport measurements
of critical current

Validation of the model (Eq. 4.11) for large field range and different criteria has
been done employing transport measurements of critical current. In order to perform transport measurements YBCO thin film was patterned into bridges 16 µm
wide and 320 µm long by optical lithography (Figure 4.5). The transport critical current measurements were performed at T = 77 and 85 K by the standard
four-probe technique employing a Keithley nanovoltmeter and current source. Two
criteria (Ecr = 1 µV/cm and Ecr = 10 µV/cm) were employed for experimental
determination and modelling of Jc .
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Figure 4.5: YBCO thin film patterned into three micro-bridges by optical lithography.

In Figure 4.6 experimental and model curves are shown for high temperatures
of 77 K (a) and 85 K (b), implying different creep and pinning conditions, as well as
different critical electrical field criteria. As can be seen, all characteristic features of
Jc − Ba graph (critical current plateau region, power law region and irreversibility
field tail) do exist [73, 96]. It is important to note that the model curves exhibit
rather close (within 10%) irreversibility fields as the experimental one determined
by the electric field criterion.
In Table 4.1 the parameters used to plot the model curves are provided. The important outcome from our model is that all fitting parameters used are well consistent
with the experimental and theoretical estimations as follows. The linear dimensions
L of the domain structure obtained from fitting is comparable to the typical size of
Stranski-Krastanov 3D islands of ∼ 200 nm (Figure 2.2 and Figure 2.3) and previous estimations of ∼ 200 to 300 nm, so as the dislocation distance d in domain
walls of ∼ 20 to 30 nm [91, 165]. Moreover, dislocation density nd > 0.8 × 1014 m−2
obtained from dependence of characteristic field on dislocation density (Figure 3 of
Ref. [92]) using B ∗ > 0.1 T (typical for YBCO films in this work, see Figure 2.5(b))
is comparable with dislocation density nd ∼ 1.1×1014 m−2 estimated from Table 4.1.
Table 4.1: Fitting parameters for model Eq. (4.11).

T, K
77
85

hLi, nm
650
720

d, nm
26
28

ν
7
8

U0 , ×kT
550
330

α, ×10−7 A/m2
5.9
2.5

ν0 , s−1
108
109

In order to estimate α, Lorentz force that acts on single vortex can be written
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Figure 4.6: Experimental transport JcT and model JcM [Eq. 4.11] critical
current density dependencies on magnetic field for T = 77 K and T = 85 K in (a)
semi-logarithmic and (b) double logarithmic scales.

as FL = Φ0 Jc dp with dp being the film thickness. The distance for a vortex single
jump during the creep is assumed to be of ∼ d. Hence, for UL = Φ0 Jc dp d from
Eq. (4.9), we get α = (Φ0 dp d)−1 , so that αkT ∼ 5.6 × 107 A/m2 . Parameter α can
be thought as the depinning current for a vortex pinned with the unit energy.
Parameter U0 has various estimates for YBCO system from 10kT in weak fields
[152] to 104 kT at high temperatures [151]. Obviously, U0 depends on a particular
system and external conditions. For estimation of pinning energy, expressions for
columnar defects (Eq. 4.1) was used, which is the most relevant to the YBCO films.
Remarkably, U0 ∼ 500kT estimated from Eq. (4.1) is of the same order of magnitude
as the estimate obtained from the fitting procedure and shown in Table 4.1. This
consistency indicates that this new model is the valid description of the system, as
well as in general it reconfirms that out-of-plane dislocations are the dominating
pinning defects in the YBCO films.
Note that the fitting procedure reveals the following trend. The structural film
parameters hLi and d, which are supposed to be temperature independent, become
larger with increasing temperature (Table 4.1). Within the pinning model, this
would imply the decrease in the effective density of the pinning dislocations. Indeed, the pinning ability of dislocations can vary because the misalignment angle
varies with the films, leading to various d. At high temperatures, only dislocation
sites with stronger pinning potential survive as pinning centres, whereas other dislocations become less effective for vortex pinning. As a result, the pinning centres
distribution changes upon increasing temperature. In general, interaction of the
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vortices with pinning centres is decreased at high temperatures due to enhanced
thermal activations. It is clearly supported by the decrease of the pinning potential
U0 with increasing temperature obtained within our model.
As it can be seen in Figure 4.6, there are slight deviations of the model curves
from the experimentally measured ones. There are three main physical reasons for
these deviations. First, the model employs “effective” structural parameters. These
parameters correspond to the real structure but also they can slightly vary according
to external conditions as follows. Upon increasing the applied field or current, the
interaction between vortices and its driving force increases as well. Hence, the
“effective” pinning centres having stronger pinning potential play the dominating
role in any system. This means that the pinning landscape changes under changing
external conditions. Second, the model considers only one dominating type of the
pinning centres in YBCO films, however there are a lot of other defects which are
capable of providing strong pinning and critical current density [73, 86, 87, 123]. The
influence of these defects can also vary at different conditions causing discrepancies
between the experiment and the model. Third, vortices in a strong columnar pinning
system experience three different states in increasing applied field [96]. At low fields
in the single vortex pinning regime, all vortices are pinned individually, the FLL
does not exist, hence the elasticity theory employed here and the shear modulus
(c66 ) in particular are not applicable. At high fields, the pinning potential decreases
and smears out, transforming from strong to weak uncorrelated potential in the
weak collective pinning regime. In spite of these reasons, the agreement between
the experimental and model curves in Figure 4.6 indicates that even elastic pinning
regime with the simple pinning potential given by Eq. 4.10 can provide a reasonable
description of the critical current density.

4.3

Rectifying difference in transport, dynamic
and quasi-equilibrium measurements of critical current density

The critical current (obtained in Eq. 4.11 and shown in Figure 4.6) is determined
by both: pinning properties of the superconductor, and also by the electric field
generated during measurement (Ecr ). Electric field criterion strongly depends on
the measurement technique employed. In this section another method for critical
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current measurement was used employing two different measurement systems in
order to determine and compare Jc (Ba ) behaviour. Importantly, total range of
criteria of these measurement systems (including transport measurements) is wide
and covers Ecr region of eight orders of magnitude. A criterion of any measurement
technique available is located within that range. Jc (Ba ) dependences obtained by
three following measurement systems are systematically compared in this section.
(i) A conventional DC four-probe method which has already been demonstrated
in previous section (Figure 4.6). As was mentioned, for these measurements our
YBCO films have been patterned into bridges (Figure 4.5). Electric field response
was measured directly by nanovoltmeter during ramping up the applied current.
The critical current was determined with two electric field criteria of 10−4 V/m and
10−3 V/m.

Figure 4.7: Quantum Design Magnetic Properties Measurement System
(MPMS) and Vibrating Sample Magnetometer Physical Properties Measurement
System (VSM PPMS).

(ii) Critical current determination by magnetization measurements [157] using
Quantum Design MPMS SQUID magnetometer (Figure 4.7). Before taking magnetization measurement at each field set point, the magnetic field is swept with the rate
of 2 × 10−2 T/s to the set point and stabilized in persistent mode by no-overshoot
approach. To measure magnetization, the sample was scanned through the second
order derivative SQUID pick up coil with the 4 cm scan length, the magnetization
was averaged over 3 scans. Each scan takes approximately 40 seconds, while each
measurement (from point to point) takes ∼3 minutes. HTSC in constant magnetic
field is subjected to significant relaxation processes [155], which control vortex dynamics and electric field generation in HTSC samples. The value of electric field
in this case can vary from 10−7 to 10−12 V/m as was estimated theoretically in
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Refs. [168, 169] and calculated from experimental data in Refs. [162, 170, 171]. The
electric field generated during the measurement can be estimated as being proportional to the current decay rate E ∼ dJ/dt. In MPMS experiments, the electric field
criterion of 10−11 V/m was obtained by fitting the model to the Jc curve measured
by MPMS. Note, the naive estimation of Ecr by taking into account the averaged
MPMS field sweep rate gives Ecr ∼ 10−6 − 10−7 V/m. It is 4-5 orders of magnitude
larger than the one obtained through the model fit or found in the literature. The
difference can likely be due to the non-linearity of the relaxation process in time.
It leads to rapid relaxation after the field sweep has stopped for measurements, as
also discussed in [155, 170]. In addition, the magnetic field sweep rate for changing
Ba from one set point to another decreases significantly upon approaching the set
point, additionally reducing Ecr .
(iii) Critical current determination by magnetization measurements employing
Quantum Design PPMS Vibrating Sample Magnetometer (VSM) (Figure 4.7), which
is significantly different from MPMS measurements in at least two ways as follows.
(a) During measurements applied magnetic field was continuously swept at constant
rate from 10−3 T/s to 1.2 × 10−2 T/s, hence the sample measured is a dynamic state
upon measurements in contrast to MPMS where the measurements occur in a constant field in a stationary (or quasi-static) state. (b) To measure the magnetization
in PPMS VSM, the sample vibrates in the first order derivative pick up coil at a
certain frequency (f ) and amplitude (A) (the VSM default vibration settings are
f = 40 Hz, A = 2 mm and 1 second averaging time per measurement), whereas in
MPMS it is steadily scanned over a certain scan length (usually 4 cm). Thus, one
measured value in PPMS is an average over period of time that depend on frequency
of vibrations. These parameters determine sensitivity of VSM.
As vortex dynamics upon PPMS VSM measurements depends on the sweep
rate of magnetic field, the electric field generated as a result of this dynamics is also
determined by the sweep rate (dBa /dt). This electric field can be estimated as Ecr ∼
s/2 × dBa /dt [168], where s is the effective transverse size of the sample (relative to
the field direction). For geometry of films measured in this work (s = 5 mm) Ecr
was estimated to be 3 × 10−5 V/m and 2.5 × 10−6 V/m for dBa /dt = 1.2 × 10−2 T/s
and 10−3 T/s, respectively.
The critical current density (Jc in A/m2 ) was determined from the magnetisation
measurements on MPMS and PPMS using Bean formula for rectangular sample
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[112]:
Jc = 2∆M/[wp (1 − wp /3lp )]

(4.12)

where wp and lp are respectively width and length of the samples measured, ∆M
is the opening of hysteresis loops per unit volume. For YBCO films, lp = wp =
5 mm. The demagnetisation factors [172] was not taken into account because the
full penetration field is too small due to a huge demagnetising factor in the film
geometry at perpendicular fields, hence the influence of the demagnetising factor is
negligible over the entire field range;
Below Jc (Ba ) obtained by these three measurement techniques will be analysed
and compared with the model Jc (Ba ) (Eq. 4.11) employing corresponding Ecr .

4.3.1

Irreversibility field dependence on electric field criterion

It is interesting to compare irreversibility fields expected for the different measurement techniques considered in this work. Any changes in Jc dependence on the
applied magnetic field (Jc (Ba )) induced by any reason (temperature alternation,
pinning landscape modification, as well as electric field variation) cause significant
changes in the irreversibility field (Birr ). Birr is a typical feature of high temperature superconductors [173, 174], which technically shows the irreversible limit of
magnetization loop. It is hard to overestimate the importance of the irreversibility
field in science on superconductivity. On one hand, it can be an indicator for the
melting transition from the flux line lattice to liquid [175, 176, 177], or the crossover
from the flux creep to the flux flow regimes [178, 179], or the depinning transition
[180]. In some cases the irreversibility field can clearly be distinguished from the
melting transition for Bi-based superconductors [181], as well as for YBCO material near the critical temperature [182]. On the other hand, Birr is widely used
for fitting Jc (Ba ) dependence [161, 162], as well as pinning force analysis through
Kramer plots (originally proposed for conventional superconductors) employed for
YBCO [183, 184, 185] and MgB2 [186, 187] superconductors. It will be shown that
existing Birr is an instrumental parameter, which strongly depends on measurement
conditions, such as the electric field criterion. As a result, Birr may not replicate
a “fundamental” parameter, as well as it should be used with extreme caution for
analysing parameters relevant for vortex pinning and critical current applications.
Using Eq. 4.11, critical current density dependence on applied magnetic field
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Figure 4.8: a: Model (Eq. 4.11) critical current density dependence on applied
magnetic field obtained with different electric field criteria. b: The irreversibility
field dependence on the electric field criteria at T = 77 K derived from plot (a).
The irreversibility field was determined at the critical current density value of
3 × 107 A/m2 .

at different criteria is plotted in semi-logarithmic scale (Figure 4.8(a)). The irreversibility field was determined at the critical current density value of 3 × 107 A/m2
from Figure 4.8(a). In Figure 4.8(b) Birr is plotted as a function of the electric field
criterion in the logarithmic scale. Typical criteria ranges for MPMS, PPMS and
transport measurements are highlighted on Birr dependence on electric field criteria.
To employ Eq. 4.11 parameters obtained for YBCO film were used (Table 4.1). Figure 4.8(b) shows that Birr can change from ∼ 2 T for the MPMS measurements to
∼ 8 T for the transport current measurements as is usually observed in experiments
found in the literature and as also observed in this work. Clearly, from Figure 4.8
it can be concluded that Birr (as well as the corresponding Jc (Ba ) curves) can significantly be altered for the transport measurements carried out at criterion varied
within one order of magnitude (the right shaded box in Figure 4.8). MPMS measurements possess a much narrower range for the variation of the Birr when criterion
is varied within one order of magnitude (the left shaded box in Figure 4.8) due
to performing measurements in a rather equilibrium vortex state. However, it is
worthwhile noting that it is the most sensitive technique available. The Ecr range
for the VSM PPMS measurements (the shaded box in the middle of the graph in
Figure 4.8) has been established for the sweep rates used in this work and for the
film with 5 mm transverse dimension.
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4.3.2

Magnetization measurements of Jc (Ba ) described by
the model

The critical current density in a PLD YBCO thin film have been measured employing
three different techniques described above, using 5 different Ecr in total: 10−11 V/m
for MPMS; 10−4 V/m and 10−3 V/m for transport current; and 2.5 × 10−6 V/m and
3 × 10−5 V/m for PPMS VSM measurements. The model has already been verified
by transport measurements. In this subsection Jc (Ba ) obtained employing magnetization measurements will be compared with model curves using corresponding
criteria.
In Figure 4.9 transport and MPMS measurement data are plotted together with
the model curves obtained with corresponding criteria. As can be seen, the model
reasonably well fits the results of MPMS measurements over the entire field range.
The Birr values obtained from the model and MPMS measurements are even closer
to each other than in case of transport measurements. Thus, for the first time the
model is developed which consolidates Jc (Ba ) measured with different measurement
techniques in YBCO films (Figure 4.9). Certain discrepancy between the model
and MPMS measured data is observed at 85 K at low magnetic field (Ba < 0.1 T).
In addition to possible reasons for deviation of the model from experiment noted
in Section 4.2.3, the enhanced Jc measured can be a result of better adaptation of
vortices to pinning defects due to dynamical vortex lattice disorder (this situation
is discussed in detail in Chapter 6).
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In Figure 4.10 transport, MPMS and PPMS measured critical current density
dependence on applied magnetic field are plotted all together in semi-logarithmic
scale. The experimental data is fitted with Eq. 4.11 using criteria discussed above.
Surprisingly, the model was unable to fit the PPMS results using the PPMS criteria
employed. Although the general trend is reproduced, the experimental and model
curves progressively diverge in increasing Ba . The irreversibility field exhibits a
similar trend. While the Birr values obtained from the model and experiment are
rather consistent for MPMS and transport measurements, for PPMS measurements
the experimental Birr values are about a factor of two smaller than those obtained
within the model (Figure 4.8 and Figure 4.10).
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Figure 4.10: The critical current density dependences (symbols) measured at
T = 77 K as the function of the applied magnetic field with the corresponding
fitting curves (lines) obtained from the model (Eq. 4.11) using the appropriate
electric field criteria.

The inconsistency between modelled and PPMS measured Jc (Ba ) could limit or
even indicate invalidity of the model, but this is not the case. As will be demonstrated below, this inconsistency arises from instrumentally driven factors, inducing
new and unexpected vortex dynamics. Interestingly, this problem appears to be well
and long time known in scientific society and quite common in the literature, and in
particular obvious if all three techniques were employed in one work [162, 171]. For
example, in Ref. [162] E − J characteristics of YBCO films have been investigated
using MPMS, PPMS VSM and transport current measurements. The Jc (E) results
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of PPMS VSM measurements are shifted towards lower Jc values from the united
trend established by two other techniques (as can be seen in Figs. 10, 11 and 15 of
Ref. [162]). For the best knowledge, these inconsistencies have never been studied
or explained before.

4.3.3

Vibration influence on Jc (Ba ) of YBCO thin films

A fundamental distinctive feature of VSM PPMS system is the sample vibration
within the pick-up coil with a certain frequency upon the measurements, whereas
it is stationary in transport measurements and moves steadily during MPMS scans.
The default frequency (f = 40 Hz) provides optimal conditions for high sensitivity
of magnetometery and fast measurements. This frequency is not recommended to
be altered by the manufacturer (Quantum Design) [188] due to a reduced sensitivity
at lower frequencies and due to possibility to overheat the motor and cause problems with the VSM hardware at higher frequencies. However, as shown below, the
influence of the frequency on the Jc and Birr measurements is so dramatic that it
needs to be taken into account for accuracy of the measurements and corresponding
interpretations.
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Figure 4.11: Critical current density dependence on field of YBCO thin film at
T = 77 K measured by VSM PPMS at field sweep rate 5 × 10−3 T/s and different
frequencies f .

In Figure 4.11 Jc (Ba ) data obtained on VSM PPMS at different VSM frequencies is plotted. Except vibration frequency which was varied from 2 Hz to
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60 Hz, other parameters of the VSM measurements of magnetization as a function
of magnetic field were kept constant: dBa /dt = 5 × 10−3 T/s, which corresponds to
Ecr ' 1.3 × 10−5 V/m; vibration amplitude was 2 mm; time per measurement was
3 seconds (it was increased from the default of 1 second to provide higher sensitivity at low frequencies). The results reveal dramatic influence of sample vibration
frequency on the critical current density calculated from the magnetization hysteresis loops. Jc decreases drastically with increasing f , and the deviations are more
pronounced with increasing magnetic field.
It is natural to assume that the vibrations cause perturbations in vortex dynamics, induce relaxation processes leading to Jc degradation. If f → 0, these perturbations become negligible and Jc measured tends to its transport current value
corresponding to its Ecr criterion. These arguments are consistent with the model
calculation obtained from Eq. 4.11 and shown in Figure 4.11 as the line, which fits
well the data obtained for the lowest frequency used (f = 2 Hz) in a sharp contrast
to the VSM default settings as shown in Figure 4.10 and Figure 4.11. It also proves
the integrity of the model as being independent of the instrumental and measuring
artefacts.
It is important to note that for f > 4 Hz the Jc (Ba ) curves exhibit a tail at
Ba > 3 T, which becomes more pronounced with increasing f ( Figure 4.11). This
tale can exhibit a different regime for vortex pinning, vortex lattice phase, sample
granularity and corresponding screening of the grains (as was done for MgB2 bulk
superconductor [189]), or perhaps even measurement artefact. Indeed, this kind of
behaviour is not usually observed in transport current and MPMS measurements,
so it may be an indication of the VSM measurement artefact or specific feature of
the dynamic vortex state due to PPMS continuous field sweep.
In Figure 4.12 the final result of this section is presented. The critical currents
dependences on applied magnetic field obtained by three different measurement
techniques with different electric field criteria are successfully fitted by the model
(Eq. 4.11) employing corresponding criteria. The Figure 4.12 demonstrates the
validity of the model for 8 order electric field criteria range and 7 T applied magnetic
field range.
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Figure 4.12: Critical current density dependence on applied magnetic field
of YBCO thin film at T = 77 K measured by MPMS, VSM PPMS (at VSM
frequency 2 Hz) and transport techniques and successfully fitted by the model
(Eq. 4.11) with corresponding Ecr .

4.4

Conclusion

In conclusion, a model for critical current density in YBCO thin films based on the
pinning of flux line lattice on out-of-plane edge dislocations (distributed along the
domain walls) and Kim-Anderson vortex creep has been outlined (Eq. 4.11). One
of the benefits of the model is the existence of an analytical equation for the critical
current for the whole range of applied magnetic fields. Another advantage of the
model is that it involves the electric field criterion of the corresponding measurement
technique. This criterion enables the qualitative and quantitative comparison of experimental data obtained by different techniques. For the first time the dependence
of Birr on electric field criterion was obtained employing the model.
In order to validate the model, the transport current technique, as well as magnetization measurements in quasi-equilibrium regime (MPMS) and dynamic regime
(PPMS VSM) have been analysed at two elevated temperatures. The model has
successfully been verified in the case of the transport and MPMS magnetization
measurements. For these techniques, the values of the irreversibility fields obtained
within the model are well consistent with the experimental ones. The evolution
of the fitting parameters with increasing temperature (Table 4.1) showed that the
vortex-dislocation interaction becomes weaker. Possible reasons for the deviation
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of the calculated curves from the experimental data have been discussed in terms
of a changing pinning landscape and pinning properties under changing external
conditions.
An attempt to verify the model with VSM PPMS measured data revealed an
unexpected inconsistency of experimental and model critical current dependences
on applied magnetic field. This inconsistency could not be explained by the model,
unless the frequency of the superconducting sample vibrations was considered. These
vibrations have exhibited significant influence on Jc and require a further analysis
to understand and explain the VSM behaviour observed. Analysis of the vibration
effect is done in next chapter. Nevertheless, minimising the influence of vibration
on Jc by reducing the vibration frequency (f → 0) allowed to validate the model
for PPMS measured Jc . Hence, the model was verified for 8 T applied magnetic
field range and 9 orders of magnitude electric field criteria range. For the first time
significantly different Jc (Ba ) of YBCO thin film obtained by different measurement
techniques are consolidated (Figure 4.12)
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Chapter 5
VSM effect
5.1

Introduction

In previous chapter a model has been developed and successfully verified for description of critical current in pulsed laser deposited single crystal YBCO thin films
at high temperatures (Eq. 4.11). Surprisingly, it was not able to match critical
current curves obtained by VSM PPMS with default VSM settings (VSM vibration
frequency f and amplitude A). VSM PPMS measured Jc (Ba ) curve has been fitted
by the model employing corresponding criterion only after considering the minimisation of the vibration frequency (Figure 4.11). The deviation of Jc (Ba ) from expected
curves induced by samples vibration indicates: (i) a “discovery” of a tremendous influence of VSM vibration on critical current of YBCO thin film at high applied
magnetic field; (ii) invalidity of fundamental dependence Jc (Ba , Ecr ) demonstrated
by Eq. 4.11 for VSM magnetometery, i.e. Jc (Ba ) that corresponds to electric field
criteria Ecr established from magnetic field sweep rate can be measured on VSM
PPMS only minimising this influence (setting f → 0 and A → 0).
In order to demonstrate the problem, Jc (Ba ) dependences in YBCO thin film
measured by VSM PPMS at different f and A are plotted in Figure 5.1. The curves
measured with the same vibration amplitude are highlighted with one colour, while
the curves measured with constant frequency are shown with the same shape of
symbols. As was established in previous chapter (Figure 4.11), the curves measured at low frequency (f < 2 Hz) represent the critical current expected from the
measurement with corresponding Ecr ∼ dBa /dt and indicate undisturbed vortex
state/motion. Note that variation of vibration amplitude does not affect substantially the Jc curve at low frequencies. Thus, the Jc (Ba ) measured with any ampli79
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tude but f → 0 correspond to undisturbed vortex state/motion as was discussed in
previous chapter.
Sample vibration with higher frequencies lead to reduction of critical current
density; the deviation of Jc (Ba ) induced by the vibration increases with vibration
frequency, vibration amplitude and applied magnetic field. The effect of sample vibration on Jc (Ba ) in YBCO film becomes noticeable when magnetic field Ba exceeds
0.5 T. At this field the critical current is degraded by approximately one order of
magnitude relative to the zero field value (Jc (Ba = 0.5 T)/Jc (0) ∼ 10). The deviation of Jc developed by sample’s vibration reaches the maximum factor of ∼ 40
times at Ba ∼2 T, this difference is observed at kink of the curve measured with
the highest f and A possible. The kink, being a characteristic feature of all Jc (Ba )
curves measured with frequencies f > 3 Hz, appears at large applied magnetic fields
(above 2 T) and indicate some disturbance of vortex state/motion. The position of
the kink on critical current density (horisontal) axis in Figure 5.1 mostly depends
on VSM frequency, while the position on applied magnetic field (vertical) axis is
primarily determined by VSM amplitude. The kinks of Jc curves measured with
the same VSM frequency are distributed evenly on applied magnetic field axis. At
higher magnetic fields there is a second less pronounced kink in Jc (Ba ) dependence
(the best visible in Figure 5.1(b) for Jc (Ba ) measured at f = 10 Hz). For the best
knowledge the existence of this kind of features in Jc (Ba ) curves of typical YBCO
films has never been reported, the nature of these kinks is unknown.
Note that the frequency of the VSM magnetometery can be varied in a wide
range from 1 to 60 Hz and certain pattern of the dependence of Jc (Ba ) curve on
VSM frequency is noticeable (in Figure 5.1 only three typical frequencies are shown).
In Figure 4.11 it was shown that the Jc curves degrade rapidly with frequency when
f < 25 Hz and then bunch up at higher frequencies.
Importantly, in general the Jc (Ba ) dependence measured on VSM with the default settings (f = 40 Hz and A = 2 mm in Figure 5.1) has a typical shape of
Jc (Ba ) curve measured with magnetometer at Ba smaller than the field of the kink.
It is considerably close to MPMS measured one (see Figure 4.10) and can be well
described by the model (Eq. 4.11) employing lower criterion than one established by
dBa /dt. In addition, the kink appears when the magnetization signal (the critical
current density) drops by 3 orders of magnitude relative to the maximum signal at
Ba = 0 and can simply be unresolved in cases of lower signal from smaller samples or
less sensitive magnetometer. These factors can lead researchers to a wrong idea that
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Figure 5.1: Critical current density dependences on applied magnetic field of
YBCO thin film at T = 77 K measured in VSM PPMS at dBa /dt = 5 × 10−3 T/s
and different frequencies f and amplitudes A, shown in semi-log (a) and log-log
(b) scale.

the part of the Jc (Ba ) curve before the kink corresponds to the Jc curve measured
with electric field criteria established from magnetic field sweep rate and the rest of
the curve corresponds to noise. As was noted in previous section, the problem of
VSM measured Jc (Ba ) deviation from expected one with corresponding Ecr can be
found in literature only if all three techniques were employed in one work [162, 171].
However, no systematic attention to this deviation has been paid before.
This chapter is dedicated to a detailed study of the phenomenon of vibration
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effect on superconducting current carrying capabilities. To demonstrate that vibration effect takes place regardless pinning nature or sample aspect ratio, results of
vibration effect on Jc for other superconducting samples with different geometry
and pinning nature will be discussed. In order to gain an insight into vibration effect on critical current density of YBCO thin films, magnetization hysteresis curves
and magnetization relaxation will be studied. A characterization of vibration effect
through irreversibility field will be discussed. As will be shown, the dependence of
the irreversibility field on VSM settings is a good representation of entire effect. At
the end, possible mechanisms of VSM vibration effect on superconductor will be
discussed.

5.2

Vibration influence on Jc of other superconducting materials

To ensure that the vibration effect is not ruled by the aspect ratio of thin films or
the specific type of the pinning in HTSC YBCO films, bulk MgB2 and Nb samples
as well as Nb thin film have also been measured.

5.2.1

Thin films

First a superconducting sample with similar geometry but different pinning nature,
a Nb thin film, was tested for VSM vibration effect. The Nb-1 film of 450 nm
thickness was produced by magnetron sputtering from N4 purity Nb target on
5×5 mm2 SrTiO3 single crystal substrate. The back pressure in deposition chamber
was ∼ 10−9 mBar. The deposition was performed at 6.5 × 10−3 mBar argon pressure and ∼ 0.6 A/s deposition rate. The substrate temperature was kept 350 ◦ C
during deposition by IR heater. Nb thin film obtained has superconducting critical
temperature 8.4 ± 0.1 K measured by MPMS at the same way as YBCO thin film
critical temperature (Figure 2.4), i.e. at Ba = 2.5 mT. In Figure 5.2, Jc (Ba ) curves
measured on VSM PPMS with different vibration frequencies f and amplitudes A
are shown for Nb-1 thin film. The measurements are performed under the same
instrumental conditions as for the YBCO film (Figure 5.1), except the measurement
temperature that was T = 4.2 K. Similar to Jc plot for the YBCO (Figure 5.1), the
curves measured with fixed vibration amplitude are shown with the same colour,
while the curves measured with fixed frequency are shown with the same shape of
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Figure 5.2: Critical current density dependence on magnetic field for Nb-1 thin
film at T = 4.2 K measured in VSM PPMS at dBa /dt = 5 × 10−3 T/s with varied
f and A.

symbol. Except the low field flux jumps region, which does not correspond to critical
state of the superconductor (it will be discussed in chapter 7) the effect of sample
vibration on Jc (Ba ) curves is similar to one in YBCO thin films (Figure 5.1) in various ways: (i) the effect becomes evident when the applied magnetic field exceeds
0.5 T (note, that upon increasing Ba the effect of vibration becomes noticeable in
flux jump region and the critical current density at Ba = 0.5 T remains of the same
order as at zero field); (ii) each Jc (Ba ) curve measured with significant frequency
exhibit two kinks at fields above 3 T (best seen from the curve measured with
f = 40 Hz and A = 1 mm), their position on Ba − Jc scale depends on frequency
and amplitude of VSM in similar fashion as for YBCO films( Figure 5.1), kinks are
evenly distributed on Ba axis; (iii) Jc (Ba ) curves are distributed on frequency scale
in the same way as for YBCO film in Figure 4.11 (Jc degrades rapidly with f at low
frequencies and then bunch up at higher frequencies); (iv) the maximum relative
reduction of Jc by factor of ∼ 40 due to vibration is observed at magnetic field of
the kink.
Another Nb film (Nb-2) with significantly different pinning properties was produced for VSM vibration effect study. A Nb-2 film of 450 nm thickness was produced in the same magnetron sputtering system on 5×5 mm2 Al2 O3 single crystal
substrate. The deposition was performed at ∼ 0.7 Å/s deposition rate. The sub-
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Figure 5.3: Critical current density dependence on magnetic field for Nb-2 thin
film at T = 4.2 K measured in VSM PPMS at dB/dt = 5×10−3 T/s with different
frequencies f and amplitudes A.

strate temperature was kept 500 ◦ C during deposition. Superconducting critical
temperature of Nb thin film obtained is 8.9 ± 0.1 K measured at 2.5 mT. In Figure 5.3 critical current density dependences on applied magnetic field measured
on VSM PPMS with varied f and A are shown for Nb film, measured under the
same instrumental conditions as Nb film above. Substantially weaker pinning is
expected in Nb-2 sample compared to Nb-1 because the deposition was performed
at much higher temperature (above Nb bulk recrystallization temperature). The
pinning strength difference between Nb-1 and Nb-2 films is well demonstrated by
irreversibility field in Figure 5.2 and Figure 5.3: Birr of Nb-1 film is larger than Birr
of Nb-2 film by factor ∼ 2.5 implying significantly higher pinning efficiency in Nb-1
sample. General character of vibration effect on Nb-2 film is similar to one on Nb-1
film, though the overall effect is lower. For example, the maximum Jc deviation
produced by VSM effect in Nb-2 film (estimated at Ba ' 1.7 T) is about factor
of 10, which is by factor of 4 smaller than in Nb-1 film (estimated at Ba ' 3 T).
Also, vibration affects marginally the flux jump process (compare the flux jumps
region in Figure 5.2 and Figure 5.3) These evidences demonstrate strong vibration
dependence on applied magnetic field: stronger pinning enables the current at higher
applied magnetic field and allows to detect stronger effect of sample vibration on
critical current density.
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5.2.2

Bulk samples

For further investigations of vibration effect MgB2 bulk and Nb bulk superconducting samples where measured on VSM PPMS with varied f and A. Both samples
have different geometry compare to the thin film and different pinning properties
compare to YBCO.
In Figure 5.4 critical current density dependences on applied magnetic field
measured on VSM PPMS with different settings are shown for MgB2 bulk superconductor. The measurements for MgB2 bulk sample are performed under the same
instrumental conditions as for the YBCO film and Nb films, except the measurement
temperature that was T = 20 K (at this temperature flux jumps are not observed
in MgB2 [190]). The sample was fabricated using in-situ reaction technique by
Shcherbakova et al. as described in Ref. [191, 192, 193]. The dimensions of the
sample is 1 × 2 × 3 mm3 . The magnetic field is applied along the longest dimension
dp = 3 mm. To determine the critical current density, Bean formula for rectangular
sample (Eq. 4.12) was employed with lp = 2 mm and wp = 1 mm. Different demagnetisation factors [172] for the bulk samples were not taken into account due to the
following reasons: (i) the influence of the demagnetisation factor is insignificant at
high fields, which is the region of interest for the MgB2 sample in this work; and
(ii) all the measurements were carried out with the same sample orientation with
respect to the field, thus demagnetizing factor did not vary from curve to curve.
Figure 5.4 demonstrate a strong impact of vibration on critical current of MgB2
bulk sample. For example, as in case of YBCO and Nb films Jc (Ba ) curves in
Figure 5.4 do degrade with increasing f and A. On the other hand, the behaviour
of the Jc (Ba ) curves measured at different frequencies is somewhat different from
those measured for thin films (compare Figure 5.4a and Figure 5.1a; Figure 5.4b
and Figure 4.11). First of all, the vibration effect start to take place at much higher
field when Ba exceeds 3.5 T and the critical current drops by more than two orders
of magnitude relatively to zero field value (see insert in Figure 5.4b), while in case
of thin films the vibration effect start to take place at fields below 0.5 T and when
the critical current drops by less than one orders of magnitude relatively to zero field
value. In addition, Jc (Ba ) curves do not show the tail behaviour with the obvious
crossover in the form of a kink. Another difference can be noticed in how the curves
bunch up on frequency scale: for the MgB2 sample, the curves tend to coincide
below 3.5 T and above 3.5 T the curves progressively degrade faster with increasing
frequency (in particular for f > 25 Hz) ( Figure 5.4b); whereas for the YBCO film
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Figure 5.4: Critical current density dependence on magnetic field in high field
region for bulk MgB2 at T = 20 K measured in VSM PPMS at dBa /dt = 5 ×
10−3 T/s and varied VSM settings. (a): Jc (Ba ) dependences measured with
varied f and A (b): Jc (Ba ) dependences measured with various frequencies f and
fixed A = 2 mm. The inset shows the entire critical current density dependence
on magnetic field.

and Nb film, the Jc curves degrade rapidly for at low frequencies f < 25 Hz and
then bunch up at higher frequencies (Figure 4.11).
In Figure 5.5 critical current density dependences on applied magnetic field measured on VSM PPMS with different f and A are shown for Nb bulk superconductor.
The sample was cut from the same N4 purity bulk as the Nb magnetron sputtering
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target. The dimensions of the samples are ∼ 2 × 3 × 5 mm3 . The magnetic field
is applied along the longest dimension dp = 5 mm. The measurements for Nb bulk
sample are performed under the same instrumental conditions as for the thin films
and MgB2 bulk at temperature T = 4.2 K. Note, that geometry of Nb bulk sample
is in contrast to YBCO and Nb thin films, while pinning nature is somewhat similar
to one in Nb thin film.
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Figure 5.5: Critical current density dependence on magnetic field for bulk Nb
at T = 4.2 K measured in VSM PPMS at dB/dt = 5 × 10−3 T/s and different f
and A.

The behaviour of Jc (Ba ) curves of Nb bulk at high fields ( Figure 5.5) resembles
one of MgB2 bulk sample ( Figure 5.4), despite the low irreversibility value (except
from the flux jump region): (i) it start to take place at relatively high applied
magnetic fields when the current drops ∼ 2 orders of magnitude compare to the
zero field value; (ii) at high applied magnetic field (after the effect becomes evident)
the Jc (Ba ) curves progressively degrade faster with increasing frequency; (iii) no
kinks features in Jc curves are observed.
By comparing the overall behaviour of critical currents in bulk superconductors
(Figure 5.4, Figure 5.5) and in thin films (Figure 5.1, Figure 5.2, Figure 5.3) it can
be established that the character of vibration impact on Jc (i.e. appearence of tail
behaviour with kinks or Jc (Ba ) distribution on frequency scale) is determined by the
geometry of the sample regardless the pinning nature or measurement temperature.
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5.3

Vibration effect on magnetization of YBCO
thin films

In order to gain more insight into Jc (Ba ) variation by vibration the effect on magnetic
moment of YBCO thin film is studied. Before the analysis of magnetization curves
the basics of magnetic moment development in thin film superconductor should be
discussed. In Figure 5.6 a schematic dependence of magnetic moment on ascending
(from both zero field cooled (ZFC) and field cooled (FC) state) and descending
magnetic field is shown for superconductor free of pinning centres and with some
pinning. In magnetization measurements of ZFC sample when applied magnetic
field increases from zero field negative magnetic moment, established by Meissner
currents, grows linear with Ba regardless the presence of pinning. Meissner currents,
creating a “compensation flux”, keep the sample free of magnetic flux until first
critical field (Bc1 ) is reached. Note, that due to large demagnetization factor of
thin films in perpendicular magnetic field, Bc1 is reached locally at the edge of
the sample much earlier than in average over the sample [194]. When Ba exceeds
Bc1 formation of vortices starts at the edge of the sample and Meissner currents
promote vortices into the body of the superconductor (no edge barriers [196, 195]
are considered), where they are distributed into ideal Abrikosov lattice if no pinning
is presented. On mesoscopic length scales (> λ), the superconducting currents,
surrounding each flux line average to zero, except a surface region. At the surface
these currents are directed opposite to the Meissner screening current and reduce the
ideal Meissner screening (Figure 5.6). Negative magnetization decreases with strong
nonlinearity after Bc1 is crossed because certain nonuniformity in flux distribution
across the sample is enforced by Meissner currents. Another possible reason of this
nonlinearity is a nontrivial dependence of penetration depth on the current in d-wave
superconductors: λ(J, T ) = λ0 (T ) + λJ (T )J 2 [197, 198]. Penetration of vortex and
reduction of magnetic moment in ascending magnetic field continues until second
critical field (Bc2 ) is reached, where the sample stop being superconducting and
~
magnetic flux inside the superconductor match the applied magnetic field (B~a = µ0 H
at Ba > Bc2 ). Without pinning magnetic moment dependence in descending applied
magnetic field is completely reversible. When magnetic field decreases and crosses
Bc2 , the sample switches into superconducting state, magnetic flux in a sample
quantises and starts to escape from the sample (due to Meissner effect) increasing
negative magnetization. In descending magnetic field magnetization reaches the
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maximum around Bc1 where the last vortices leave the sample and only Meissner
currents are left. Upon further decrease of magnetic field magnetic moment reduces
due to diminishing Meissner currents and becomes zero at zero magnetic field. Thus,
ZFC and FC states are identical for superconductor without pinning at any field.

Figure 5.6: Schematic magnetic moment dependence on ascending and descending applied magnetic field of type II superconductor without pinning and with
pinning (not to scale).

The dependence of magnetic moment on applied field changes drastically when
pinning centres are introduced. After Bc1 is reached from ZFC state in ascending
magnetic field, magnetic flux starts to penetrate the sample, but vortex propagation is obstructed by pinning forces. Pinned vortices create additional gradient of
magnetic field in the film and increase the circulating current in the film according to Maxwell law [199, 200]. Thus, −M keeps rising with field (additional red
section on M (Ba ) dependence from ZFC state in Figure 5.6). At certain magnetic field full penetration is reached, indicated by maximum of −M measured from
ZFC state. After full penetration magnetization decreases in ascending magnetic
field for the same reason as in pinning-free case, but pinning centres keep a certain
gradient of vortex distribution and remain the magnetization −M larger than in
pinning-free superconductor. As was discussed in previous chapter, pinning energy
is a decreasing function of magnetic field. Thus, pinning-induced gradient of vortex
distribution decreases upon increasing field; the magnetization approaches one of
the superconductor without pinning. At certain field (Birr ) pinning energy becomes
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negligible; obviously, starting from this field magnetization of superconductor with
pinning matches one without pinning as shown in Figure 5.6.
When magnetic field decreases from above Bc2 the scenario repeats one of
pinning-free superconductor. Indeed, when descending magnetic field crosses Bc2
vortices are created, but pinning force is negligible. Thus, there is no difference
between these two cases until Birr is reached, implying that the state of superconducting sample field-cooled at Birr < Ba < Bc2 is identical to ZFC one after Ba is
applied.
In descending Ba after Birr is crossed pinning becomes substantial. Vortices
continue leaving the sample reducing the magnetic moment, but due to pinning another gradient of vortex distribution (opposite to one in ascending magnetic field)
is formed that decreases the −M compare to reversible one. Irreversibility field
Birr obtained its name because at magnetic field below Birr hysteresis loop becomes
irreversible, at Ba = Birr vortices start/stop interact with pinning centres as was
demonstrated above. Note that there is a strong dependence of Birr on measurement
setup (Figure 4.8) as well as the alternative definition of irreversibility field [174].
When magnetic moment decrease further pinning force increases and at some point
magnetic moment created by vortex distribution suppresses one due to Meissner
effect (Figure 5.6), both, pinning and magnetization continue to rise in descending
magnetic field. At zero field a complicated remanent state is created where some
magnetic flux is trapped in the superconductor due to strong pinning forces [201].
This state becomes a starting point for FC magnetization measurement necessary
for critical current determination [112]. When magnetic field, applied to FC superconductor with pinning, increases from zero first Meissner currents are created
and magnetic moment reduces relative to FC one. Then vortices start to penetrate the sample and magnetization −M start to decrease (note, that new vortices
have opposite magnetic flux direction compare to trapped ones). At certain field
full penetration occurs where all trapped vortices are annihilated by penetrated ones
and magnetization keep decreasing in ascending magnetic field according to scenario
described above.
Note, that energetically superconducting states are different in ascending and
descending magnetic fields. In ascending and descending magnetic fields far from
full penetration field [159, 199] without surface barriers and Meissner effect magnetic field distribution in superconductor does not depend on magnetic field sweep
direction and is defined completely by circulating critical current Jc (Ba ) [202, 203].
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Figure 5.7: Schematic distribution of magnetic flux in ascending and descending
magnetic field at the same Ba within the Bean model.

The distribution of magnetic field in superconducting strip of width 2w within Bean
model for ascending in descending magnetization branches is shown schematically
in Figure 5.7 (note, that distribution of magnetic field in thin films is similar [159,
199]). Free energy of the superconductor can be represented in a fashion of London
equation as [194]:
Z 

~
F = F0 +
γJc2 + B~a H/2
dV
(5.1)
where F0 is a free energy of a superconductor at zero field and current, the first term
under integral γJc2 is a total kinetic energy of all superconducting charge carriers
(γ includes the mass, density and charge of charge cariers), and second term is a
magnetic energy. It is obvious, that the first term under integral, being defined by
applied magnetic field only, is the same in both ascending and descending magnetic
fields, while the second term is higher in descending field as follows from Figure 5.7.
Hence, thermodynamical stimulus towards minimum energy (uniform flux distribution across the sample and suppressed current) is stronger in descending magnetic
field due to higher free energy.

5.3.1

Complexity of vibration effect on magnetization of
YBCO thin film

In Figure 5.8 and Figure 5.9 magnetic moment dependences on applied magnetic
field are shown in the magnetic field region from 1 T to 6 T (these data were used for
calculation of Jc in Figure 5.1). As discussed above, regardless the measurement
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conditions all hysteresis loops have a certain asymmetry between magnetization
branches for ascending and descending magnetic fields (field sweep direction are
shown with arrows). This asymmetry is the most pronounced for magnetization
measured with high frequency (the best seen in Figure 5.8(a) for the curve measured
at f = 40 Hz and A = 1 mm). Another common feature of all magnetization curves
in Figure 5.8 and Figure 5.9 is a distinct negative slope of M (Ba ) signal produced
by diamagnetic SrTiO3 substrate.
Figure 5.8 shows magnetization hysteresis measured with fixed amplitude and
varied frequency. In Figure 5.8(a) vibration amplitude is fixed at A = 1 mm. Vibration effect on magnetization is significantly stronger when magnetic field decreases.
Indeed, the vibration effect becomes noticeable in ascending magnetic field branch
when magnetic field exceeds ∼ 2 T. The vibration stops affecting the magnetization
when the field reaches ∼ 5 T. The maximum deviation created by vibration from
“undisturbed” magnetization in ascending magnetic field is below 10−6 Am2 . On the
other hand, in the descending magnetic field branch vibration affects the magnetic
moment substantially in entire magnetic field region (except low fields Ba < 0.5 T)
and reach the maximum effect of ∼ 5 × 10−6 Am2 at applied field ∼ 2.5 T. Upon
increasing vibration frequency magnetization loop “shrinks” to a certain reversible
profile Mr (Ba ) established by Meissner effect (the sketch of Mr (Ba ) is shown with
solid line in Figure 5.8(a)); the “shrinking” of the loop is mainly a result of magnetization degradation in descending magnetic field branch.
This asymmetry of vibration effect on magnetization branches with increasing
frequency can indicate unequal free energies of superconductor in ascending and
descending magnetic field, as was discussed above (Figure 5.7). Indeed, for example
in ascending field at Ba ∼ 2.5 T vibration of the sample with A = 1 mm and any
frequency results in only marginal magnetization reduction, i.e. sample vibration
does not provide enough excitation for vortex lattice to overcome a barrier to uniform
flux distribution (including pinning). On the contrary, in descending magnetic field
∼ 2.5 T magnetization is highly responsive to frequency. Assuming that degree of
excitation of FLL by vibration depends on Ba but not on direction of magnetic field
sweep, stronger drop of magnetization induced by vibration in descending field can
indicate enhanced free energy of vortex structure (as was demonstrated in Figure 5.7
and Eq. 5.1) and as a result more significant responce of FLL followed by flux
redustribution towards uniform distribution.
The asymmetry of vibration effect can also be a result of different order of
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FLL in ascending and descending magnetic fields as follows. More ordered flux line
lattice has smaller total pinning energy [204, 205]. At certain magnetic field flux line
lattice is less ordered when magnetic field increases because when flux penetrate the
superconductor it “injects” some disorder in to the lattice [205]. Hence, vibration
might have a stronger effect on FLL in decreasing field due to reduced total pinning
energy of more ordered FLL.
Figure 5.8(b) shows magnetization hysteresis measured with increased amplitude A = 4 mm and different frequencies. Vibration effect on magnetic moment
measured is more significant than one at A = 1 mm and is equally noticeable for
both ascending and descending magnetic field branches, though certain asymmetry
of the effect is still observed. For example, the maximum deviation of magnetization
induced by vibration in ascending magnetic field regime is below 4 × 10−6 Am2 at
Ba ∼ 2.0 T, while this deviation is 8 × 10−6 Am2 at Ba ∼ 1.7 T in descending
magnetic field branch. Apparently, vibration of YBCO film with enhanced amplitude A = 4 mm and increasing frequency provides much higher degree of excitation
of vortex structure, such as the difference in FLL state in ascending and descending magnetic fields smears out. Vibration induced excitations are large enough to
overcome the barrier and obtain more equilibrium distribution of vortices even in
ascending magnetic field. Upon increasing vibration frequency magnetization loop
“shrinks” to a reversible magnetization curve Mr (Ba ) as in case of A = 1 mm
(the sketch of hypothetical Mr (Ba ) is shown with solid line in Figure 5.8(b)); the
“shrinking” of magnetization loop with frequency is a result of degradation of both
magnetization branches.
It is interesting that while magnetization loop reduces to the certain reversible
magnetization Mr (Ba ) with increasing frequency, Mr (Ba ) reveal strong dependence
on vibration amplitudes. Figure 5.9 shows magnetization hysteresis measured with
f = 40 Hz and varied amplitude, corresponding hypotetical reversible magnetization curves are shown with solid lines. In general variation of magnetization due
to changed vibration amplitude is equally substantial for both ascending and descending magnetic field branches. The effect from increasing vibration amplitude
can be determined in: (i) collapse of hysteresis loop to reversible curve at smaller
applied field (which is expected from current dependence on vibration parameters
in Figure 5.1); (ii) reduction of reversible (Meissner) magnetization Mr (Ba ). Suppression of reversible magnetization in mixed state indicates increased penetration
depth λ (since reversible magnetization is realized by Meissner currents generated
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Figure 5.8: Magnetic moment dependence on applied magnetic field for YBCO
thin film at T = 77 K measured in VSM PPMS at dBa /dt = 5 × 10−3 T/s from
FC state with varied f at A = 1 mm (a) and A = 4 mm (b). Arrows show applied
magnetic field sweep direction. Hypothetical reversible magnetization curves Mr
are shown with solid lines.

by magnetic field decay over the typical length λ). λ is an increasing function of
both temperature and current, thus reduced reversible magnetization can only imply temperature growth. Hence, temperature of the superconductor is an increasing
function of vibration amplitude for high-frequency VSM measurements (at least at
high applied magnetic fields).
Finally, a certain dependence of vibration induced thermal effect on frequency
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Figure 5.9: Magnetic moment dependence on applied magnetic field for YBCO
thin film at T = 77 K measured in VSM PPMS at dBa /dt = 5 × 10−3 T/s from
FC state at f = 40 Hz and varied A. Arrows show applied magnetic field sweep
direction. Hypotetical reversible magnetization curves Mr are shown with solid
lines.

of vibration can be noticed. Indeed, no heating is expected from vibration at A =
1 mm and any frequency (Figure 5.8(a)) because it is unlikely that the hypotetical
Mr (Ba ) can shift down if f decreases from 50 Hz to 0 (otherwise it would indicate
increase of temperature with decreasing frequency). Hence, the hypotetical Mr (Ba )
from Figure 5.8(a) should be valid for general case of absence of vibration (f → 0
and A → 0) as well as vibration with any A but f → 0. Thus, the hypotetical
Mr (Ba ) from Figure 5.8(a) and Figure 5.9(for A = 1 mm) correspond to the case
of A = 4 mm and f = 0. As a consequence Figure 5.9 demonstrate a decrease of
diamagnetic Mr (Ba ) induced by vibration at A = 4 mm when frequency increases
from f = 0 to f = 40 Hz, indicating increase of temperature with frequency.

5.3.2

Vibration influence on relaxation

The relaxation phenomenon is typically observed in measurements of the magnetic
moment of superconductors using VSM or SQUID magnetometer. Upon relaxation
the moment decreases with time at fixed temperature and applied magnetic field,
in an approximately logarithmic manner. A description of relaxation phenomenon
in superconductors was done in Ref. [155]. In this section the concept will be in95
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troduced briefly. As discussed above (Figure 5.6), the current circulating in the
superconducting sample is generated by nonuniform distribution (gradient) of magnetic field (vortices) inside the superconductor, according to Maxwell equations. In
ascending magnetic field circulating current reduces magnetic field inside the sample
relative to applied magnetic field. This distribution is established by vortex pinning.
Vortices, experiencing the Lorentz force, “creep” out from pinning centres towards
more equilibrium distribution as a result of thermal excitation. Any process that
allows the nonequilibrium configuration of vortices to relax will lead to a redistribution of current loops in the superconductor and hence to a change in the magnetic
moment with time. Thus, the measured magnetic relaxation can be thought as
being caused by the spontaneous “creep” of flux lines out of their pinning sites.
The magnetic relaxation is particularly large in high-temperature superconductors. The large size of the effect can be interpreted in terms of two factors, the
temperature and the vortex pinning barrier height [151, 173]. Assuming pinning
of the normal vortex line, which has a radius of the order of the superconducting
coherence length ξ, the barrier height can be estimated by the condensation energy
(Hc2 /8π)ξ 2 (where Hc is a thermodynamical critical field) per unit length of the vortex. The small value of the coherence length ξ in high-temperature superconductors
leads to a relatively small pinning energy barrier. Simultaneously, high operating
temperature of these superconductors increases the thermally activated depinning.
It is easy to show that within Kim-Anderson linear approximation for pinning
energy barrier and Arrhenius depinning probability (used in previous chapter) [151,
152, 167, 206] current (magnetization) at fixed magnetic field decays with time in
logarithmic manner [155]:
t
kT
ln
1−
U
t0


J(t) = Jc0

!

(5.2)

where J(t) is current in superconducting film, kT is a thermal energy, U is a vortex
pinning barrier (U is given by Eq. 4.10 for pulsed laser deposited YBCO films), t0
is an “effective” hoping attempt time (t0 = 1/ν0 in Eq. 4.8).
In Figure 5.10 magnetization decay in YBCO thin film with time is presented
at T = 77 K and Ba = −0.5 T. Before the relaxation measurement the sample was
field-cooled at Ba = −8 T and then the magnetic field was swept up to measurement
field (which it approached in no-overshoot mode). VSM measurement was performed
during the entire magnetic field sweep process in order to capture the very beginning
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of relaxation process. Indeed, VSM requires several seconds for acceleration to reach
f and A set for the measurements; during acceleration time certain relaxation will
occur. During VSM acceleration vibrations with different f and A will affect the
magnetization value in different ways which will not be recorded. The only way
to measure magnetic moment at the beginning of relaxation process by VSM is to
start the measurement before relaxation starts. However, in this case the onset of
the magnetization relaxation will vary depending on VSM settings (Figure 5.10).
Magnetic field of -0.5 T was chosen for the measurements due to several reasons: (i)
VSM effect on magnetization in descending magnetic field is significantly stronger
than in ascending field (see Figure 5.8); (ii) VSM effect becomes obvious in YBCO
films when magnetic field |Ba | > 0.5 T ( Figure 5.1), but when |Ba | exceeds 1 T
dipole moment drops substantially that affects reliability of the measurement; (iii)
magnetic moment measured during |Ba | increase display significant noise in region
of 0.2 < Ba < 1.2 that can affect the reliability.
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Figure 5.10: Magnetization dependence on relaxation time at T = 77 K and
Ba = −0.5 T measured on VSM PPMS with fixed vibration amplitude A =
4 mm(a) and fixed vibration frequency f = 40 Hz(b).

In Figure 5.10 relaxation of magnetization measured with different frequencies
and amplitudes at Ba = −0.5 T and T = 77 K is shown. In general, the shape of
relaxation curves is far from logarithmic decay expected from Eg. 5.2. The plateau
observed at the beginning of relaxation process in Figure 5.10 appears due to noovershoot mode of set field approach (though, in some works this plateau is referred
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to initial relaxation driven redistribution of magnetic flux [207]). The decay of
magnetization after plateau region is faster than logarithm indicating a non-trivial
dependence of pinning potential on critical current. In addition, kink-like behaviour
is observed at t ' 10 s that can be attributed to global redistribution of magnetic
field profile in thin film.
Magnetic moment at the beginning of relaxation decreases with both frequency
and amplitude of vibration (Figure 5.10), as expected from critical current dependence on vibration settings ( Figure 5.1) and measurement procedure. It is interesting to note that magnetic moment at the end of relaxation, achieved at t > 1000 s
(where noticeable magnetic flux redistribution processes stop), is mostly defined by
amplitude of vibration and shows only marginal dependence on VSM frequency.
For example, magnetization relaxation measured with A = 4 mm and two different
frequencies is shown in Figure 5.10(a). While magnetization at the beginning of
relaxation measured with high f = 40 Hz is reduced compared to one measured
with f = 2 Hz, both magnetization relaxation curves reach approximately the same
M at t > 1000 s. Insignificant mismatch of M at t > 1000 s in Figure 5.10(a) can
result from thermal response to the vibration at high f and A (as was discussed
above); magnetization at the end of relaxation coincide when measured with fixed
A ≤ 2 mm and varied f .
In Figure 5.10(b) relaxation of magnetization is shown for fixed f = 40 Hz and
varied A. The relaxation measured with larger A starts at smaller |M | (as expected),
but also it ends at smaller |M | at t > 1000 s as well (magnetization crosses M = 0
during relaxation). Note, that in general the relaxation of magnetization stops
when reversible magnetization Mr (Ba ) is reached. Hence, marginal dependence
of M at the end of relaxation at t > 1000 s on vibration frequency and strong
dependence on vibration amplitude follow the concept presented in previous section
(Figure 5.8 and Figure 5.9) that the reversible (Meissner) magnetization Mr (Ba ),
being sensitive to temperature, is defined by vibration amplitude (Figure 5.10(b)).
At high vibration amplitude Mr (Ba ) demonstrates some dependence on vibration
frequency (Figure 5.10(a)).
In order to compare relaxations of magnetization from Figure 5.10, which start
and end at various M , normalized speed of magnetization relaxation was calculated.
Normalized speed of magnetization relaxation S can be derived from the Eq. 5.2 as
follows:
d ln M
kT
1 dM
=
=−
(5.3)
S=
M (t) d ln t
d ln t
U
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where M is a normalized magnetization measured. As can be noted from Eq. 5.3, the
value −1/S gives the pinning potential barier U . In Figure 5.11 pinning potentials U
derived from normalized relaxation curves are plotted (a point-by-point derivation
of magnetization curves from Figure 5.10 normalized on 1 at maximum and 0 at
minimum). Note, that in 5.3 pinning energy U → 0 when M → 0 due to derivation
of U from normalized dependence M (t), while actually U tend to a certain constant
value at the end of relaxation precess. Vertical segments of U (M ) curves are a
result of application of Eq. 5.3 to plateaus of magnetizations in Figure 5.10 at the
beginning of relaxation and should not be taken into account. In general, pinning
potential is an increasing function of M , while ideally according to Eq. 5.2 and 5.3
it is expected to be a constant. According to Figure 5.11 pinning energy barrier
decreases due to vibration of YBCO film. Effective drop of U enhances with both
frequency and amplitude of the vibration.
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Figure 5.11: Pinning potential dependence on magnetization (current) during
VSM PPMS magnetization relaxation measurements at T = 77 K and Ba =
−0.5 T, obtained from normalized magnetization in Figure 5.10 employing eq. 5.3.

Pinning energy barrier U given in Eq. 4.10 at constant magnetic field depends
on temperature T , pinning landscape (< L > and d) and pinning energy of single
dislocation U0 . Thus, reduction of U induced by vibration of sample can be interpreted in several ways: (i) effective temperature increase initiated by vibration; (ii)
ordering of vortex lattice by vibration [205] and as a consequence worse adaptation
of vortex lattice to pinning media (it can be thought as expansion of pinning land99
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scape length scales hLi of d); (iii) effective reduction of pinning strength of single
dislocation. All this possibilities can be interconnected.
Another striking feature in Figure 5.11 is dependence of U on magnetization
M (which is inversely proportional to relaxation time). Modern theories (collective
pinning theory [96, 155] and vortex glass theory [155, 175]) predict U as a decreasing
function of magnetization, while in Figure 5.11 U increases exponentially (especially
in case of small f and A). Inconsistency of these models for the case of pulsed laser
deposited YBCO thin films, demonstrated by Figure 5.11, can be explained as
follows: (i) collective vortex pinning appears due to weak randomly distributed
point defects, while pinning in our YBCO films is due to strong correlated defects
(out-of-plane dislocations); (ii) the model Eq. 4.11 considers elasticity of perfect
hexagonal lattice and successfully described critical current in entire magnetic field
range employing various criteria Ecr , while the glassy vortex structure, being a
different thermodynamical phase exhibit different elastic properties. Dependence of
pinning energy barrier on magnetization, f and A, shown in Figure 5.11, can be
explained as follows. Higher pinning energy in the sample at fixed magnetic field
and temperature implies that vortex lines adapt better to sample disorder pinning
potential, and therefore stronger-pinned vortex structure possesses a higher degree
of vortex lattice disorder [205]. Thus, decrease of pinning potential U with VSM
f and A increase as well as with M decrease (note, M is inversely proportional to
relaxation time as follows from Figure 5.10) can be interpreted as enhancement of
lattice order of hexagonal vortex lattice.
Indeed, as was first predicted by Koshelev and Vinokur [204] and observed by
Yaron [208] vortex lattice driven through pinning media can have three regimes as
a function of increasing Lorentz force: first, no motion or flux creep; than plastic
motion, where vortex lattice is disordered due to motion through pinning media;
and finally coherently moving flux crystal at higher driven force. Koshelev and
Vinokur [204] noticed that pinning centres act on driven vortex lattice as an additional effective temperature; thus the lattice, being driven through pinning media,
can be disordered due to additional “thermal” fluctuations or even annealed depending on driven (Lorentz) force. When magnetic field is stopped after sweeping,
flux redistributes towards uniform distribution, driven by Lorentz force, decreasing
the circulating current. As vortex driving force decreases, “effective temperature”
distortion of vortex lattice decreases with it, leading to more ordered vortex lattice
with time. More ordered vortex lattice demonstrates worse adaptation to pinning
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landscape as shown in Figure 5.11. It is assumed that the mechanism described
above is responsible for heavy deviation of relaxation curves in Figure 5.10 from
logarithmic dependence expected from Eq. 5.2.

5.4

Frequency Vs magnetic field sweep rate.

Above in Figure 5.8(b) and Figure 5.9 a thermal response of YBCO film on vibration
with high A and f was revealed, while it was noted for vibration with low A. Thus,
some mechanism of Jc suppression by vibration of superconductor should exist which
does not consider thermal induction. Obviously, such machanism should be based on
certain disturbance of vortex dynamics. If this is the case, the vibration effect should
be sensitive to speed of vortex motion (hvi), i.e. Jc should depend on “scaling” ratio
hvi /f .
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Figure 5.12: Critical current dependence on magnetic field of YBCO film measured at A = 2 mm and f scaled with dBa /dt.

In Figure 5.12 Jc (Ba ) dependences are shown measured with A = 2 mm (a thermal effect from vibration with small A = 2 mm is considered to be insignificant),
varied frequencies and magnetic field sweep rates correlated with f . Curves measured with fixed ratio hvi /f are marked out with one type of symbol. Results in
Figure 5.12 reveal a strong correlation of vibration frequency with speed of vortex
motion. Indeed, according to irreversibility field dependence on electric field criteria (Figure 4.8) the difference between curves measured with dBa /dt = 10−2 T/s
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and dBa /dt = 5 × 10−3 Oe/s should be ∼ 0.2 T, while corresponding reduction of
VSM frequency by factor of 2 makes these curves almost coincide. The example of
curves measured with dBa /dt = 10−2 T/s and dBa /dt = 10−3 Oe/s, which are shown
with triangles (dBa /dt are different by factor of 10!), is even more spectacular: the
expected difference in Birr (Figure 4.8) is above 1 T while the actual difference in
Figure 5.12, obtained by adjusting the frequency in order to keep hvi /f = const
is < 0.4 T. Moreover, in addition to adjusted irreversibility field, curves measured
with dBa /dt = 5 × 10−3 T/s and dBa /dt = 10−3 Oe/s (stars) demonstrate fair
reproducibility of kinks feature. Dependence on Jc on the ratio hvi /f evidence a
strong influence of vibration on vortex dynamics during VSM measurement. This
is an alternative mechanism of Jc suppression to vibration induced heating.

5.5

Vibration effect on irreversibility field of YBCO
thin films

Irreversibility field is a convenient characteristic of Jc (Ba ) dependence (see Figure 4.8). Technically irreversibility field for YBCO thin films in Figure 5.1 is ∼ 5.8 T
(the point of hysteresis loop collapse) and demonstrate only marginal dependence
on VSM settings, that can be attributed to sample heating induced by vibration at
high f and A. However, Jc approach to Birr strongly depend on VSM frequency
and amplitude. In order to detect this Birr the measurement system should be able
to resolve a signal range of 4 orders of magnitude. A sample with smaller critical
current or simply a smaller sample will not be able to provide a strong enough signal
and irreversibility field, being defined at relatively higher current density, will vary
significantly with VSM settings. In addition, the Jc behaviour is quite complex in
particular for f > 4 Hz. The quantitative models for Jc (Ba ) that employ Birr for
fitting Jc (Ba ) curves [161, 162] or pinning force through Kramer plots in YBCO
[183, 184, 185] and MgB2 [186, 187] do not take into account existence of kinks and
will not represent Jc or pinning force behaviour appropriately employing Birr . Thus,
in some sense this Birr does not reflect superconducting properties.
In order to characterise the vibration driven behaviour of Jc (Ba ) curves with
single value, Jc curves (Figure 5.1) have been analysed from Birr perspective without
taking into account kinks at Ba ' 3 T, which may indicate a vortex lattice or vortexpinning related transition. Using the model (Eq. 4.11) the low-field parts (up to 3 T)
of these curves before the kink were fitted to obtain the set of Jc curves as if there
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∗
was no transition at 3 T (similar to Figure 4.8(a)). The Birr
has been defined at
the intersection of these curves with J = 5 × 107 A/m2 . Note, that technically
∗
defined Birr
is well suitable for fitting Jc (Ba ) curves in YBCO films by expression in
Ref. [161, 162] or for fitting pinning force employing Kramer plots [183, 184, 185].
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Figure 5.13: Irreversibility field dependence on frequency at T = 77 K for three
different sweep rates. Experimental data points are fitted with solid lines using
Eq. 5.4 and fitting parameters from Table 5.1.
∗
is plotted as function of PPMS VSM measurement frequency
In Figure 5.13, Birr
for three different field sweep rates. In general, it appears that the irreversibility
∗
field Birr
decreases logarithmically with the frequency increase. The data can be
fitted with the following logarithmically decaying expression (Figure 5.13):
f
∗
T
Birr
(f ) = Birr
+ Birr
exp(−f /fd ) ,

(5.4)

T
where Birr
is the tempered value of the irreversibility field measured at high fref
quencies, Birr
is the value of irreversibility field drop due to vibration with highest
f
T
frequency, fd is a characteristic frequency of the irreversibility field decay, [Birr
+Birr
]
is the irreversibility field of “undisturbed” superconducting sample, measured at
f → 0 Hz. Fitting parameters are shown in Table 5.1.
In a way, Figure 5.13 and Eq. 5.4 replicate well the behaviour of the entire
Jc (Ba ) curves with frequency, i.e. fast decay of Jc (Ba ) with f at low frequency
and their bunch up at high frequency (see Figure 4.11 for reference). In addition,
it illustrates the scaling of vibration induced drop of Jc (Ba ) by the ratio hvi /f
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Table 5.1: Parameters for Eq. (5.4) used to fit the experimental data in Figure 5.13.

dBa /dt,×10−2 T/s
0.1
0.5
1.2

T
,T
Birr
2.17
2.79
2.85

f
Birr
,T
1.36
3.41
3.56

fd Hz
5.6
6.0
13.1

∗
enhances
discussed in Figure 5.12. Indeed, a characteristic frequency fd of Birr
∗
with dBa /dt (Table 5.1), showing that the rate of Birr (f ) saturation reduces with
magnetic field sweep rate. Dependence of fd on dBa /dt follows the scaling of Jc
∗
∗
(f = 0) is
reduction relative to Birr
with the ratio hvi /f : the same degree of Birr
achieved at smaller frequency for slower vortices.
∗
is plotted as
To represent the Jc modulation by varied vibration amplitude, Birr
function of PPMS VSM measurement frequency for fixed dBa /dt and four different
∗
VSM amplitudes in Figure 5.14. The overall Birr
(f ) dependence reduces with the
amplitude increase. The data in Figure 5.14 is fitted employing the same expression
(Eq. 5.4) with fitting parameters shown in Table 5.2.
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Figure 5.14: Irreversibility field dependence on frequency at T = 77 K measured
at four different VSM amplitudes. Experimental data points are fitted with solid
lines using Eq. 5.4 and fitting parameters from Table 5.2.
∗
Note, it is expected that all Birr
(f ) curves obtained with constant dBa /dt should
f
∗
T
have the same Birr
(f → 0) = Birr , implying [Birr
+ Birr
] being constant for different
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Table 5.2: Parameters for Eq. (5.4) used to fit the experimental data in Figure 5.14.

A, mm
1
2
3
4

T
,T
Birr
3.29
2.79
2.36
2.39

f
Birr
,T
3.41
3.41
3.65
5.21

fd Hz
9.0
6.0
7.4
2.4

VSM amplitudes. In general fitting parameters in Table 5.2 demonstrate the apf
T
decreases with A. Probably more detailed
propriate trend: Birr
increases while Birr
∗
(f ) experimental dependence is required for solid demonstration.
Birr
Again, all complexity of VSM effect on Jc (Ba ) is represented by Figure 5.14 and
∗
behaviour with frequency discussed above, Figure 5.14
Table 5.2. In addition to Birr
∗
(f ) deillustrates an impact from varied vibration amplitude as follows. The Birr
pendence obtained at A = 1 mm shows an effect of vibration on vortex dynamics
represented by the scaling ratioand does not include vibration induced thermal effect. Enhanced impact of vibration with increased amplitude on vortex dynamics is
represented by decreasing characteristic frequency fd (Table 5.2). Reduced fd shifts
the scaling ratio hvi /f towards lower frequencies (in increased A all fd values in
Table 5.1 should be decreased by certain factor). Inconsistency of fd decrease with
A (compare fd at A = 2 mm and A = 3 mm) can result from additional heating
as follows. Vibration at higher amplitude can induce some heating that increases
with frequency (as was discussed in previous section); in case of similar impact of
∗
vibration on vortex dynamics the saturation of Birr
(f ) will be reached at higher frequency for higher A because of additional dependence of heating effect on frequency.
∗
The drop of saturated Birr
(f ) saturation with A probably results from both factors:
enhanced impact on vortex dynamics and thermal effect.

5.6

Possible origin of vibration-induced phenomena

In order to suppress the magnetization (critical current density), the vibrations of
superconductors need to facilitate propagation of vortex lattice during VSM magnetometery. The most straightforward reason for the facilitation would be inhomogeneties in the experimental environment or conditions, which are nominally
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assumed to be constant. Indeed, a number of works revealed the effects of small
non-uniformities on magnetization. For example, in Ref. [209], it was shown that
YBCO single crystal movements in a transverse magnetic field with inhomogeneties
of ∼ 0.005% led to some artefacts in magnetization curves and resulted in general
decrease of the magnetization upon measurements in a MPMS. In Ref. [210], the
level of such inhomogeneties in MPMS was investigated. It was shown that such
inhomogeneties caused positive signal below Tc upon field cooled magnetization
measurements as a function of temperature, the so-called paramagnetic Meissner
effect (PME). In Ref. [211], the PME in YBCO thin films was studied in the framework of Koshelev-Larkin theory [212]. The key-idea of PME appearance suggested
was inhomogeneous flux compression that can happen because of inhomogeneous
superconducting transition. The source of such inhomogeneous transition is not important, but can be trigged by non-uniformities of the applied magnetic field and
temperature [211, 213]. All these works show that inhomogeneties play a crucial
role in superconductor behaviour, and they are assumed as the main cause leading
to the drop of Jc (Ba ) with frequency in our work.
In general, all inhomogeneties in measurement environment can be described
as thermal and/or magnetic fluctuations. There are two possibilities for thermal
perturbations: (i) the actual inhomogenity of temperature in sample’s space; and
(ii) Bardeen-Stephen heating caused by periodic vortex motion [3] (if we assume
that this motion is induced by vibration of superconductor). Any vibration induced
heating would lead to the drop of the potential pinning barrier, which is proportional
to the density of moving vortices (i.e. Ba ) and vibration frequency. The evidence
of certain thermal response of the sample to vibration with high amplitude and
frequency was demonstrated in this chapter several times (in particular Figure 5.9,
Figure 5.10).
Temperature dependence of Birr was shown to be [178, 179]:
Birr (T ) = Birr (0)(1 − T /Tc )n ,

(5.5)

where n ' 3/2 [173, 209], Birr (0) is the irreversibility field at zero temperature.
Equation 5.5 can be useful for estimation of temperature enhancement due to vi∗
bration employing Birr
dependences (Figure 5.13 and Figure 5.14). For example,
∗
if it is assumed that entire Birr
drop by vibration at high f and A (the drop from
6 T to 2.5 T in Figure 5.14) was caused by temperature enhancement, the maximum temperature rise achieved by vibration of YBCO film, estimated roughly with
106

5.6. POSSIBLE ORIGIN OF VIBRATION-INDUCED PHENOMENA
Eq. 5.5, is above 5 K. Such notable temperature change should be easily detected
by the PPMS thermometer, while it was not the case. This is an additional demonstration that the critical current density drop due to vibration can not be governed
by temperature effects only. Furthermore, it was discussed that no signature of
∗
rethermal influence is detected for vibration with A = 1 mm, which provide Birr
duction from 6 T to 3.5 T (Figure 5.14). If it is assumed that further reduction of
∗
saturated Birr
(f = 60 Hz) from 3.5 T by ∼ 1 T in Figure 5.14 driven by vibration
with A = 4 mm (Figure 5.14) is originated from thermal induction, temperature rise
achieved by vibration, estimated with Eq. 5.5, does not exceed a realistic value of
∗
1 K. Note, that even 1 K is an overestimation because that additional drop of Birr
by ∼ 1 T in Figure 5.14 is achived due to heating as well as due to enhanced impact
of vibration with higher amplitude on vortex dynamics. Finally, if it is assumed that
the variation of actual Birr ∼ 6 T in Figure 5.1 by ∼ 0.5 T is caused by vibration
induced thermal effect, the temperature enhancement due to vibration, estimated
with Eq. 5.5, is only tenth parts of Kelvin.
These estimations show that while vibration does generate a certain thermal
∗
effect, temperature increase does not exceed 1 K (thermally induced drop of Birr
is below 1 T). Hence, critical current drop due to purely thermal response is expected to be relatively small. A major role in VSM phenomenon should be played
by magnetic fluctuations. There are at least three sources of small magnetic field
perturbations, which can arise during MPMS and PPMS measurements: (i) inhomogeneties of the magnetic field along the axis of the magnet (hereafter, assigned
as z-axis), thus any movement of the superconductor along the z-axis (MPMS scan,
VSM oscillations) would expose the superconductor to the field inhomogeneties [214];
(ii) inhomogeneties of the magnetic field in the plane perpendicular to the z-axis,
hence any displacement from the perfect z-axis movement would be felt by the superconductor; (iii) tilting of the superconductor relative to external magnetic field.
The first two reasons are the consequences of the geometry of the MPMS/PPMS
superconducting magnets, whereas the third reason might arise due to various mechanical imperfections of vibration mechanism. The first reason is more relevant
to the MPMS measurements with its relatively long scan length (typically, 4 cm)
[211]. The superconductor oscillations along the z-axis upon PPMS VSM measurements are more than order of magnitude smaller, thus all three sources of field
perturbations are likely to be equally important. Whereas the reasons leading to
perturbations, (i) are obvious, the displacements from the z-axis (ii) and the tilt of
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the superconductor (iii) can be expected due to in-plane swings of the sample rod
upon sample oscillations in PPMS [188]. Both processes (ii) and (iii) may happen if
the sample in the holder tilts slightly away from the z-axis. Firstly, the sample can
shift relatively its central position by up to 2 mm, being limited by the size of the
pick-up coil (note, the sample lateral size is 5 mm). Secondly, the sample would tilt
with respect to the direction of the magnetic field up to ∼ 0.5 degrees (as the result
of the maximal shift).
In general, periodic movements of a superconductor in an inhomogeneous magnetic field cause redistribution of vortices and corresponding supercurrents. Redistribution of vortices and supercurrents is the subject to FLL dynamics and pinning
properties. The supercurrents generated by these oscillations depend on the level of
field inhomogeneties and the amplitude of the oscillations. In the case of the tilting
of the superconductor relative to the z-axis, this process reminds the so-called fluxline walking described in [215] and observed in [181, 217, 216]. The small in-plane
periodic field is considered to “shake” vortices out of pinning centres and force their
relaxation [213, 215, 218]. A small ac current is induced by in-plane magnetic field
oscillations (resulting from magnetic field direction deviation from sample’s z-axis)
tends to tilt vortices at each cycle of the oscillations, so that FLL is forced into
~ × B̃. If the frequency of oscillations would
more equilibrium position decreasing ∇
increase, it leads to more periods of relaxation happening over the same period of
time and hence to a stronger decrease in magnetization (Jc ) and Birr . Qualitatively,
it agrees with the reduction of the irreversible magnetization and the drop of the
critical current density observed in [209]. To an extent, this shaking process may
also remind our experiments in PPMS. However, in our case the frequency range is
more than order of magnitude lower, as well as the frequency increase reduces the
T
irreversibility field to a certain constant value Birr
(Eq. 5.4).
The oscillations along z-axis in a slightly inhomogeneous field, as well as tilting
of the superconductor relative to the z-axis are somewhat similar to effects which
may be expected for Vibrating Reed (VR) experiments in perpendicular fields [219,
220]. The field inhomogenity (generating ac field) would develop small perturbation
of FLL which would travel through the superconductor depending on the sample
geometry and ac field orientation according to the diffusivity of the magnetic flux
[221]. The damping peak obtained upon Vibrating Reed measurements at a certain constant diffusivity D = ρ/µ0 , being equivalent to the peak obtained in the
imaginary part of the ac susceptibility measurements, determines the irreversibility
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(or depinning) line of FLL (µ0 = 4π × 10−7 Henry/m is the permeability of free
space). The depinning peak corresponds to the onset of the resistivity (ρ) during
transport current measurements [180], arising due to vortex movements. However,
we show that the effect caused by the sample vibration in PPMS VSM is different
from the expected from the VR technique. Magnetic flux diffuses through the sample with certain diffusion times, which can be estimated according to [221, 222, 223]:
2
τ ' µ0 l3i
/π 2 ρ, where l3i is an effective diffusion mode and ρ ∼ 10−14 to 10−12 Ωm
according to the current densities and electric field criteria in our film. For ac susceptibility measurements [158, 224], the transverse ac mode for the flux movement
2
(diffusion) is l3i
' wp dp , where wp - width of the sample (5 mm) and dp - thickness
of the sample (450 nm), so τ ∼ 10−4 to 10−2 s. This diffusion time can indeed be
comparable to the period of the sample oscillation 1/f ∼ 10−2 to 1 s. However, in
this case the irreversibility field should increase in increasing frequency as shown
in [224, 225], which contradicts to our PPMS measurements. This contradiction
and some similarity to magnetization relaxation observed upon “shaking” of fluxlines indicate that the key-factor affecting the Jc behaviour as a function of PPMS
frequency is the ac component parallel to the film surface. This means that the
inhomogenity perpendicular to the z-axis of the magnet or tilt of the sample are of
importance. However, the out-of-plane inhomogenity can also introduce the in-plane
ac-field component during sample vibration.
Thus, no existing explanations are applicable to treat the effects arising due
to the low frequency vibrations in PPMS VSM. A highest degree of similarity to
our case seems to be resembled by the walking flux lines in small perpendicular ac
fields [217, 215]. It leads to periodic pinning potential reduction due to additional
ac currents, which in our case have much lower frequencies and effectively reduce
Birr only up to around 50 Hz. It is notable though, that in the case of work [217],
the FLL shaking was applied after sweeping the field to a constant field set point
and then measured, while our case is truly dynamic with continuous field sweeping
and simultaneous measurements of the vibrating superconductor.

5.7

Conclusion

In this chapter it was shown, that the vibration affects critical currents of all possible
types of superconductors during their measurement employing VSM magnetometer;
both vibration frequency and amplitude enhancement lead to progressive reduction
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of critical current density with magnetic field. Results obtained for different bulk
materials and thin films can be summarised as follows: (i) the vibration of the superconductor affect the critical current density of superconducting samples regardless
geometry of the sample, vortex pinning properties or measurement temperature, the
effect progresses with applied magnetic field; (ii) the vibration effect is more intense
for thin films, it start to take place at smaller magnetic field and relatively higher
critical current densities; (iii) vibration develops kinks on Jc (Ba ) curves in thin
films, indicating certain vortex state/motion disturbance, the kinks become more
pronounced with frequency and/or amplitude enhancement; (iv) different trends
of Jc (Ba ) response on frequency variation are revealed for bulk materials and thin
films: in bulk materials Jc (Ba ) curves progressively degrade faster with increasing
frequency whereas in thin films the curves degrade rapidly at low frequencies and
then bunch up at higher frequencies; (v) sample vibration affect the flux jumps
process during magnetization measurement.
Analysis of magnetization curves measured for YBCO thin films showed that
the responses of magnetic moment to changes in frequency and amplitude are qualitatively different. The study of magnetic moment dependence on applied magnetic
field measured at different VSM settings revealed the asymmetry of vibration effect
on ascending and descending magnetic field branches, indicating uneven states of
vortex lattice in these two branches. Increased frequency leads to a collapse of hysteresis loop to certain reversible (Meissner) magnetization dependence Mr (Ba ). The
collapse of magnetization to Mr (Ba ) is significantly faster when frequency is varied at larger amplitude; vibration with enhanced amplitude and frequency reduces
Mr (Ba ) indicating certain thermal responce.
Measurements of magnetization relaxation showed that the effect of vibration
in general can be thought as a decreasing pinning potential with both frequency
and amplitude (Figure 5.11). Analysis of magnetization at the end of relaxation
process (at t > 1000 s) confirmed that increase of vibration amplitude enhances
temperature of the superconductor; at large vibration amplitude temperature can be
an increasing function of frequency. Hence, thermal response is one of the reasons for
pinning potential decrease, because both pinning potential (Eq. 4.10) and depinning
probability (Eq. 4.8) are temperature dependant.
Critical current measurements with magnetic field sweep rate proportional to
frequency of vibration (Figure 5.12) demonstrated a scaling behaviour of vibration
induced suppression of critical current (Jc ∼ hvi /f ) in absence of thermal induction.
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The scaling behaviour reveales an effect of vibration on dynamics of vortices, which
is alternative to thermal effect.
∗
Further it was demonstrated how a technically defined irreversibility field Birr
can be a useful single value characteristics reflecting the vibration effect on entire
∗
(f, A, dBa /dt) (Eq. 5.4, Table 5.1 and Table 5.2)
Jc (Ba ) dependence. Function Birr
capture logarithmic decay of Jc with frequency due to vibration impact on vortex
dynamics, correlation of vibration frequency with the speed of vortex propagation
(f ∼ dBa /dt), variation of vortex dynamics and possible heating effect introduced
∗
(f, A, dBa /dt) dependence (Figure 5.13, Figby enhanced vibration amplitude. Birr
ure 5.14) have a potential for practical application. First of all, it shows expected
nominal Birr (f = 0, A = 0) corresponding to electric field criteria established from
magnetic field sweep rate while the actual measurement can be performed with any
VSM settings. Furthermore Figure 5.13 and Figure 5.14 allow to describe pinning
properties with Kramers plots [183, 184, 185, 186, 187] or to model Jc [161, 162]
∗
corresponding to any vibration frequency, amplitude and magnetic
employing Birr
field sweep rate. On the other side, it is possible by describe Jc (Ba , f, A) using the
∗
∗
model directly but employing “instrumental” electric field criteria Ecr
[114]. Ecr
can
∗
be obtained from Figure 4.8(b) using Birr
. For example, within the frequency range
∗
∼ 10−9 V/m. Note, that
from 60 Hz to 40 Hz (VSM default frequency), the Ecr
∗
is only a technical parameter that does not correspond to dBa /dt; according to
Ecr
relaxation measurements (Figure 5.11) the appropriate approach for Jc description
with the model (4.11) is a modification of pinning potential (4.10) and adjustment
the temperature due to vibration effect.
Conclusions presented above imply that vortex behaviour is responsible for the
frequency dependence observed. The effect of vibration on critical current and
∗
irreversibility field (Birr
) is governed by thermal and magnetic fluctuations of vortex
structure in oscillating superconducting sample. The role of thermal fluctuations
is shown to be relatively small: estimation of possible temperature enhancement
induced by vibration does not exceed 1 K. Magnetic fluctuations promote relaxation
of vortex lattice in sweeping magnetic field, degrading the critical current. The
mechanism of forced relaxation should be similar to “vortex shaking” mechanism
where magnetic periodic perturbations create local ac currents and “shake” vortices
out of pinning centres [181, 213, 215, 216, 217]. The nature of the kinks in Jc (Ba )
behaviour is not revealed (just yet).
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Chapter 6
Simulation of behaviour of vortices
in vibrated YBCO film: hidden
peak effects
6.1

Introduction

In previous chapters a tremendous influence of vibration during vibrating sample
magnetometery (VSM) on critical current (Jc (Ba )) of superconducting YBCO film
was demonstrated. Figure 6.1 shows an example of VSM vibration effect on Jc (Ba )
of YBCO thin film (Jc (Ba ) data is taken from Figure 5.1). Vibration with increased
VSM frequency and/or amplitude suppresses Jc (Ba ) during magnetometery. Vibration induced deviation of Jc (Ba ) from undisturbed one progress with applied
magnetic field and can reach a factor of 40. In addition, vibration of thin film superconductor during magnetometery result in development of a kink on Jc (Ba ) curve;
the position of the kink on Jc − Ba axis is determined by frequency and amplitude
of VSM Figure 5.1. No doubt that such a significant suppression of Jc by vibration with low frequency and amplitude limits the performance of superconductor
in high magnetic field industrial applications where vibrations can naturally appear
(for example MagLev or superconducting coils in wind mills). Thus, a microscopical
mechanism of the vibration effect need to be understood.
While exact mechanism of Jc (Ba ) suppression by VSM vibration is not known
various similarities with vortex shacking mechanism were noticed in previous section.
Application of additional small ac magnetic field perpendicular to the main field
direction shakes vortices out of their pinning potential leading to effectively reduced
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Figure 6.1: Critical current density dependence on magnetic field for 300 nm
YBCO film measured employing VSM PPMS with out-of-plane magnetic field
orientation at magnetic field sweep rate dBa /dt = 5 × 10−3 T/s and temperature
T = 77 K with varied f and A (Figure 5.1). Dashed lines show Ba considered for
calculations in this work; asterisks show depinning currents obtained by simulations (see Figure 6.3 and Figure 6.5).

pinning potential (Figure 5.11) forced relaxation [181, 226], reduced irreversibility
field (Ref. [215, 217], Figure 5.13 and Figure 5.14) and even suppressed melting
of vortex lattice [181]. It is easy to presume that such small ac magnetic field
can appear in VSM measurements due to imperfection of the measurement setup.
Nevertheless, within vortex shaking mechanism origins for development of the kink
are not straightforward. Obviously, the kink in Figure 6.1 separates two dynamical
states of vortex lattice. The second aim of this chapter is to understand the nature
of the dynamical transition at the kink.
The study of vibration effect on vortex lattice (VL) is done using standard molecular dynamic simulations employing Langevin equation (Eq. 6.1). This relatively
simple method demonstrated effectiveness in studying dynamics and dynamical transitions of VL in superconductor driven through pinning media [204, 227, 228, 229,
230, 231], which was well confirmed experimentally (see for example Refs. [232, 233,
234]). Distinctive features of systems modelled in Refs. [204, 228, 229, 230, 231]
are high density of pinning centres compared to density of vortices (np >> nv ) and
often relatively low pinning force of modelled defects.
It is well established (Ref. [91, 92], Chapter 2 and 4) that pinning of vortices
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in high quality pulsed laser deposited YBCO films (Figure 6.1) occurs on chains of
individual out-of-plane dislocations that form low-angle domain boundaries. Out-ofplane dislocations are the strongest possible natural pinning centres in YBCO films;
pinning strength of dislocations is significantly higher than one of defects considered
for simulations previously. In addition, typical density of dislocations in our films
ndis ∼ 1014 m−2 (Ref. [92] and Table 4.1) indicating ndis << nv at Ba of interest
(shown with dashed lines in Figure 6.1). Thus, for the best knowledge, dynamics
of vortices in models with pinning properties similar to YBCO thin films has never
been simulated before.
On the other side, domination of alternative pinning centres in YBCO such as
oxygen vacancies [87], twin boundaries [86], Y2 O3 inclusions [122, 123] and nanoparticles [32, 235] and other defects has been reported; significant role of those pinning
centres in our films is explicitly demonstrated (see Figure 2.5 and Figure 2.6). Typical bulk densities of the pinning centres is ∼ 1021 − 1022 m−3 , which makes the
density of nweak ∼ 1015 m−2 in 2D projection of 300 nm YBCO film. Similar density
of pinning centres can be assumed for twin boundaries considering average distance
between twins ∼ 10 nm [86]. The total strength of point pinning centres or twin
boundary on 3D vortex (in 300 nm film) is more than an order of magnitude smaller
than pinning strength of dislocation. The last aim of this work is to establish an
influence of high-density weak pinning centres on VL, which is mainly pinned by
low-density strong pinning centres (dislocations in YBCO film at 1 T and 2 T).

6.2

Simulation details

In YBCO thin film considered in this work a condition for 3D limit (λ(T = 77 K) <<
d = 300 nm) is not fulfilled. Thus, flux bending can be neglected and straight
vortices can be effectively modelled as two dimensional. In addition, interaction
of vortices aligned with out-of-plane 2D pinning centres such as dislocations can
effectivelly be represented in 2D model. Standard molecular dynamic approach is
followed and each vortex obeys a 2D overdamped Langevin equation of motion [204,
228, 229, 230, 231]:

η

Np
Nv
X
X
d~ri
=
F~v (~
ri − r~j ) +
F~p (~
ri − r~k ) +
dt
j6=i
k=1

~ + F~sh (f, A) + F~Th (T )
+F~Lor (J)
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Left hand side of Eq. 6.1 is a viscous drag force of vortex “i” through YBCO with
viscosity coefficient η = φ0 Hc2 d/ρn ≈ 2.14 × 10−14 Ns/m [3, 4] (φ0 is a magnetic
flux quantum, Hc2 (T = 77 K) ' 36 T is a second critical field of YBCO [236],
d = 300 nm is thickness of film, ρn ∼ 0.01 Ωm is a normal state resistivity of YBCO
[237]).
First term in right hand side of Eq. 6.1 represents a total interaction force of
vortex “i” with Nv surrounding vortices via repulsion between 3D parallel vortices
[150, 164]
~

√
r
(6.2)
F~v (~r) = ε0 K1 (r/λ) − 2κK1 (r/λ)
r
with characteristic vortex energy ε0 = φ20 d/(2πµ0 λ3 ).
Second term on right hand side represent a total interaction force of vortex “i”
with Np pinning centres via attraction to dislocation [91]
F~p (~r) = −ε0

2
~rrdis
(r2 + 2ξ 2 )2

(6.3)

2~rξ
(r2 + 2ξ 2 )3/2

(6.4)

or to weak pinning centres [86]
F~p (~r) = −δε0

where δ ∼ 2×10−3 is a relative suppression of the order parameter at pinning centre.
Comparison of “strong” and “weak” pinning forces is shown in Fig. Figure 6.2. The
cut-off range for interaction forces Eg.6.2, 6.3 and 6.4 was 3λ.
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Figure 6.2: Dependence of attraction force to different pinning centres on distance.
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~
F~Lor = φ~0 × Jd

(6.5)

is a Lorents force acting on vortex “i”.
A shaking force represents an effect of vibration during VSM magnetometery:


~
x sin 2π1.3f t

F~sh = A sin 2πf t × 
~
y cos 2π1.3f t

(6.6)

The force is periodic (both amplitude and direction) and it acts coherently on all
vortices. It was noticed (Figure 5.12) that Jc (Ba ) of YBCO film measured on VSM
is scalable by the ratio hvi /f , where hvi is a speed of vortex propagation (hvi ∼
dBa /dt in Figure 6.1) and f is a frequency of VSM. In VSM measurements hvi /f ∼
10−7 m/s2 (hvi ∼ 5 × 10−6 m/s and f = 50 Hz in Figure 6.1). In order to keep
the simulations close to the experiment the same scaling ratio is kept for speed of
vortices hvi ' 0.002 r0 /t0 , which lead to frequency of shaking force f = 0.0045/t0
for simulations. Factor of 1.3 for the frequency of direction alternation is chosen
arbitrary in order to desynchronize variation of amplitude and direction of shacking
force. Amplitude of shacking force, which is not known but assumed to be essentially
small, is chosen to be a factor of 0.05 of Lorentz force around depinning current at
2 T (J = 4 × 108 A/m) (see Figure 6.1 and Figure 6.3).
The last term is a Brownian force on vortex “i” due to Gaussian thermal noise
at T = 77 K, which can numerically be represented as [227, 228, 231]
√
FTh =

2ηkT τ X
δ(t − tl )Γ(tl )θ(p − ql )
dt
l

(6.7)

where tl denotes a l-th time step, Γ(tl ) being a random number from normalised
Gaussian distribution, θ(x) being a unit step function, qt is a random number uniformly distributed between 0 and 1 and p = dt/τ << 1 [227] is a probability of
thermal noise acting on vortex with 1/τ constant average rate.
Numerical calculations of unitless Eq. 6.1 have been done by Euler method on
4.24 × 4.24 r02 cell (r0 = λ(T = 77 K) ≈ 1.7 × 10−7 m) with periodic boundary
conditions. Time step of iterations was ∆t = 0.01t0 (where unit of time t0 =
2πµ0 ηλ4 /(φ20 d)), results were averaged over 1.8 × 105 steps (first 2 × 104 steps were
disregarded in order to reach the steady state). Number of vortices was 250 for Ba =
1 T and 500 for Ba = 2 T, initial positions of vortices were random for each value
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of current. Number of randomly distributed dislocations was 50, which represents
density of dislocations ndis ∼ 95 × 1012 m−2 . Number of randomly distributed weak
pinning centres was 300, which represents a 2D projection density of ∼ 2×1021 m−3 ,
typical for point defects in 300 nm thick film and also this density corresponds to
typical distance between twin planes ∼ 10 nm [86]. Note, that essentially weak
pinning centres should have significantly smaller amplitude and range of interaction
with vortices compare to modelled dislocations (Figure 6.2), while particular type
of weak pinning centres is not important. Small amplitude of point defects is caused
by poitwise action on vortex (in contrast to dislocation or twin boundary which act
on entire vortex length). This simplification is justified since at magnetic field of
our interest the distance between vortices is smaller than the distance between point
pinning centers in 300 nm thick film (no Larkin-Ovchinnikov-like collective pinning
mechanism [96] can be realized).
Simulations were organised as follows. First run at each current was done on
system with strong pinning only (plain system). The second run was done on system
with both strong and weak pinning (doped system). The last one on doped system
under vibration (doped+shaked system). Note, that cumulative pinning force of
max
max
dislocations and doping are comparable (Fdis
ndis ∼ Fdop
ndop ), thus potential pinning force of doped system is doubled compared to plain one. It is assumed that
doped system is more realistic model for YBCO film. Tracked parameters during
simulations where: (i) average speed of vortex motion hvi; (ii) total pinning force;
(iii) total energy of vortex system including pinning energy; (iv) long range order of
P
2D VL (an average over 6 peaks of structural factor S: Ψt = 1/6 6i=1 Smaxi ) [230,
238, 239]
Nv X
Nv


1 X
exp i~k (~
ri − r~j )
(6.8)
S(~k) = d
L i=1 j=1
q√

where a wave vector k ∼ k0 = 2π
3/2ρ and ρ is a density of vortices; (v) short
range order of 2D VL (hexatic order Ψ6 ) [238, 239]. In all runs total energy of
vortex system was equilibrated after first several thousand steps and did not show
significant dependence on current J. Dependences of Ψt and Ψ6 on J did not
reveal qualitative difference in behaviour, though Ψt showed more sensitivity for any
changes in lattice order. Thus, results on Ψt (J) as well as electric field generated
(E(J) = hvi B) are of main interest and will be analysed further.
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Figure 6.3: Electric field and long range order dependences on applied current
at 2 T for plain (a), doped (a,b) and doped+shaked (b) systems. Colored arrows
show estimated Jdp of corresponding system. Lines are shown for eye-guide.

In Figure 6.3 electric field (E(J)) and corresponding order of VL (Ψt (J)) dependences on applied current are presented for plain, doped and doped+shaked systems
at 2 T. A dispersion of Ψt the order of VL is shown with the error bars, indicating
dynamical fluctuations of the order of VL during each run (which is significant at certain values of applied magnetic field). E(J) of a plain system shows a smooth transition from pinned to depinned VL around depinning current Jdp ' 5.5 × 108 A/m2
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(Figure 6.3(a)). At 2 T Jdp is determined at the last simulated point before electric field exceeds 3.4 × 10−6 V/m and highlighted with an arrow. Note that Jdp
is comparable to Jc (2 T) in real YBCO film, where dominated pinning defects are
out-of-plane dislocations (asterix in Figure 6.1). Importantly, VL is well ordered
(Ψt ∼ 0.5) in both pinned and depinned states. Hence, out-of-plane dislocations can
pin vortices without significant disturbance of the lattice order at J < Jdp and do not
develop noticeable disorder of driven VL at J > Jdp due to essentially low density
(ndis << nv ).
At J < Jdp Ψt (J) demonstrates some order-disorder fluctuations around J ∼
3.5 × 108 A/m2 (emphasised by deep in Ψt (J) curve in Figure 6.3(a)) that fade
out when J → Jdp and can be explained as follows. At 2 T energy of VL in
disordered (Ψt ∼ 0.15) and ordered (Ψt ∼ 0.5) states is marginal. Hence, at J < Jdp
VL can remain pinned in both state due to low energy stimulus for ordering, strong
pinning and small Lorentz force. When J approach Jdp individual thermally assisted
depinning events do not allow the VL to be pinned in disordered state.
The structure of the most disordered vortex lattice simulated at 2 T of applied
magnetic field (Ψt ∼ 0.15) is shown in Figure 6.4(a). In order to determine the
nearest neighbors of each vortex the Delaunay triangulation of the 2D VL was
performed [238]. This structure remains fairly ordered and is characterized by small
number of topological defects developed in vicinity of edge dislocations.
Doping of plain system (Figure 6.3(a)) does not affect E(J) and Jdp significantly
because thermal fluctuations of high density VL level out interaction of vortices with
doping. Jdp of doped system is in a good agreement with Jc of YBCO at 2 T
(asterisk in Fig. Figure 6.1 at 2 T). Order of VL remains high in entire region of J
and does not demonstrate significant fluctuations. Apparently, doping stabilises the
lattice order at J < Jdp by introducing a competition for vortex pinning between
dislocations and high density doping.
Shaking of vortices at 2 T with small periodic force affects E(J) and Ψt significantly (Figure 6.3(b)). First, the depinning current is dropped to Jdp ' 4.5 ×
108 A/m2 due top shaking assisted depinning of vortices from dislocations (as was
mentioned, doping does no affect Jdp ). Secondly, a distinct drop of E at J > Jdp
(around J ∼ 6 × 108 A/m2 ) is developed by shaking, indicating a peak effect behaviour. At J of peak effect VL remains completely ordered indicating that this
peak effect corresponds to so-called matching effect [240, 241, 242] where positions
of vortices in ordered VL match positions of pinning centres improving the total
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Figure 6.4: Structure of disordered vortex lattices: (a) disordered VL with
Ψt ' 0.15 at 2 T; (b) disordered VL with Ψt ' 0.05 at 1 T. Topological defects
are highlighted with black circles. These defects are developed in vicinity of
simulated dislocations (not shown).

pinning. Thus, shaking of vortices at 2 T enhances the adjustment of VL to strong
pinning environment preserving a high order of the lattice. The “matching” occurs
due to reorientation of driven high density ordered VL relative to low density pinning

120

6.3. RESULTS OF SIMULATION
environment. Importantly, the current J at which shaking force enables “matching”
should be scalable by f indicating a resonance-like behaviour: at lower J shaking
force assists to Lorents force in depinning only and can not lead to “matching” due
to small hvi of vortices; at higher J shaking force simply can not keep pace with
fast vortices.
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Figure 6.5: Electric field and long range order dependences on applied current
at 1 T for plain (a), doped (a,b) and doped+shacked (b) systems. Colored arrows
show estimated Jdp of corresponding system. Insert in (a) shows a comlpete E(J)
dependence for plain system. Lines are shown for eye-guide.

In Figure 6.5 E(J) and corresponding Ψt (J) dependences are presented for plain,
doped and doped+shaked systems at 1 T. E(J) of plain system (Figure 6.5(a)) shows
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a transition from pinned to depinned VL at Jdp ∼ 1.3 × 109 A/m2 . The order of
pinned VL at J < Jdp decreases with J down to Ψt ∼ 0.2 and remains low until Jdp
is reached. Due to reduced ratio nv /ndis compared to 2 T, a topological disorder of
VL is required in order to adapt better to dislocations and achieve pinning of VL at
higher J [243]. Hence, in general at J < Jdp Ψt is a decreasing function of J. Note
that Jdp is well comparable to Jc (1 T) in real YBCO film (Figure 6.1). After Jdp is
reached VL is depinned and lattice order is restored.
Upon further increase of J a drop of both E and Ψt is observed at 1.6 < J <
2 × 109 A/m2 . This drop indicates a peak effect behaviour, but in contrast to
shaked YBCO at 2 T (Figure 6.3(b)) this peak effect is developed by lattice orderdisorder transition [244] as follows from Ψt reduction. Such transition is responsible
for second magnetization peak features in magnetization curves [245, 246]. As was
demonstrated [204, 228, 229, 232, 233, 234], pinning centres disturb additionally
moving vortices acting as an effectivelly enhanced temperature of driven VL. More
disordered lattice (with reduced Ψt ) adapt better to pinning centres decreasing E.
Thus, YBCO thin film with strong pinning centres of low density at magnetic field
around 1 T can be subjected to peak effect due to dynamical lattice disorder. Importantly, the order of VL drops down to Ψt < 0.1 at J of peak effect, indicating
not just disorder of hexagonal lattice but also a transition to glassy state of vortex
structure mediated by formation of topological dislocations (possible in 2D vortex
systems [247]). Glassy state demonstrates better adaptation to pinning media and
consequently higher pinning. At J > 2 × 109 A/m2 both E and Ψt are restored.
In order to visualize the glassy state, the structure of the disordered vortex lattice
simulated at 1 T of applied magnetic field (Ψt ∼ 0.05) is shown in Figure 6.4(b). In
contrast to disordered structure at 2 T, this VL is characterized by a large degree
of lattice distortion and high density of topological defects developed in vicinity of
strong pinning sites.
With further increase of J a second drop of E and Ψt is observed in a narrow
region 2.1 < J < 2.2×109 A/m2 . Ψt drops to ∼ 0.05 indicating dynamical transition
of driven VL to vortex glass (i.e enhanced pinning). It should be noted that this
second narrow peak effect is always reproduced regardless type and density of doping
or frequency/amplitude of shaking force, unlike other features of E(J) and Ψt (J)
plots (compare E(J) and Ψt (J) plots of plain, doped and doped+shaked systems
in Figure 6.5). It is assumed that this is an intrisic feature of simulated model
(i.e. particular distribution of dislocations, size of simulated cell, et set.) and no
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attention on it will be paid in further analysis.
Also it should be noted, that in general only two extreme states of VL could
be observed at 1 T and J > 9 × 108 A/m2 (Figure 6.5): pinned/disordered (or
glassy) and depinned/ordered states. Smoother transitions between states without
two “peak effects” could probably be obtained with large computational model and
longer simulated times.
Doping affects E(J) characteristic at 1 T in two ways (Figure 6.5(a)). First,
depinning current is increased noticeably up to Jdp ∼ 1.4 × 109 A/m2 (red arrow in
Figure 6.5(a)) approaching it to Jc (1 T) in real YBCO film (asterisk in Figure 6.1),
because at J < Jdp doping can effectively assist to dislocations in disturbance and
pinning of VL (note, that ndop > nv at 1 T). Secondly, the current region of peak
effect is reduced by factor of two (to 1.6 < J < 1.8×109 A/m2 ). In peak effect region
of plain system doping of high density restricts thermal and dynamical fluctuations
of driven vortices and partially suppresses the order-disordered transition. Realistically, YBCO film contains large variety of types and densities of weak pinning
centres of higher density. Probably, these pinning centres additionally increase Jdp
up to measured values but collectively eliminate any possibility of peak effect (which
has never been observed in our PLD YBCO films) by stabilising the order of VL at
J > Jdp .
Shaking of doped system reduce Jdp back to value of plain system and broaden
peak effect area of doped system (Figure 6.5(b)). At J < Jdp of doped system
additional small periodic force depins vortices from weak pinning centres, but not
from dislocations; the relative drop of Jdp by shaking is less substantial than at 2 T
as expected from Figure 6.1. At J of peak effect vortex shaking reduces effectiveness
of doping to suppresses fluctuations of VL. In simple terms at 1 T small shaking force
tend to makes interaction of vortices with weak pinning centres negligible, restoring
the E(J) and Ψt (J) of plain system. We assume that in general peak effect can be
observed in our YBCO films if a shaking force of appropriate amplitude/frequency
is applied. In actual vibrating experiments vortex shaking reduce interaction of
vortices mainly with weaker pinning centres (which usually have higher density)
diluting pinning landscape and consequently reducing a total pinning.
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6.4

Conclusion

In summary, vortices in 300 nm YBCO film in 1 T and 2 T of applied magnetic field
and 77 K are modelled for three cases: (i) pinning is represented by out-of-plane
dislocations with ndis << nv (plain); (ii) plain model is “doped” by point defects
max
max
with ndop >> ndis , Fdop << Fdis , Fdis
ndis ∼ Fdop
ndop (doped); (iii) small periodic
vibrating force is applied to vortices in doped system (doped+shaked).
VL in plain system at 2 T shows a smooth transition from pinned to depinned
states; order of VL remains high in both states because with (ndis << nv ) VL can
be pinned or driven through dislocations without significant disturbance. At 1 T
plain system demonstrates a peak effect behaviour when E(J) and Ψt (J) drop at
J > Jdp . Order of VL at 1 T decreases with J at J < Jdp because disorder of VL
ensures better adaptation to dislocations (i.e. improved pinning) and restores at
Jdp . At J > Jdp of peak effect Ψt drops further indicating an origin of peak effect
from transition of VL to glassy state which is promoted by additional disturbance
of driven VL by dislocations.
Doping does not change E(J) and Ψt (J) at 2 T because thermal fluctuations
of high density VL level out interaction of vortices with weak doping. At 1 T
doping does increase Jdp but also it “shrinks” the area of peak effect by factor of
2 (because weak pinning centres of high density restrict effectively thermal and
dynamical fluctuations of VL). In real PLD YBCO films a possibility for peak effect
(dynamical transition to glassy VL) is suppressed completely due to high density
of various weak defects. Nevertheless, Jdp of doped systems at 1 T and 2 T are
well comparable with Jc of YBCO film (Figure 6.1), though in general influence of
doping on Jdp is marginal at 1 T and not noticeable at 2 T. Hence, strong/low density
pinning such as out-of-plane dislocations completely dominates in establishing Jc in
YBCO films at high temperature in medium/high applied field.
Shaking of vortices in doped system at 2 T decreases Jdp substantially assisting
to depinning from dislocations. In addition, shaking promote a peak effect of E(J) at
J > Jdp , but unlike a plain system at 1 T VL remains completely ordered (matching
of ordered VL to position of dislocations). Probably, this matching-like behaviour
of VL is responsible for switching the Jc (Ba ) trend at magnetic field of the kink
(Figure 6.1) developed by vibration of YBCO film. At 1 T shaking of doped system
makes interaction of vortices with weak pinning centres negligible, restoring the
E(J) and Ψt (J) of plain system: Jdp decreases and peak effect area expands. We
assume that peak effect can be observed in our YBCO films if a shaking force of
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appropriate amplitude/frequency is applied. Decrease of Jdp is less pronounced than
at 2 T as expected from Figure 6.1.
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Chapter 7
Origin of flux jumps in Nb film
established by vibrated sample
magnetometery
7.1

Introduction

In Chapter 5 a nontrivial effect of vibration on critical current dependence on applied magnetic field (Jc (Ba )) during VSM magnetometery was discussed for various
superconductors (see also Ref. [113, 114]). For example, in Figure 7.1 Jc (Ba ) dependences for Nb film measured at 2.5 K with various VSM vibration frequencies
(f ) and amplitudes (A) are presented. In a critical state region (i.e. at Ba & 2.5 T)
enhancement of f and/or A leads to a progressive reduction of Jc with magnetic
field.
Low field part of Jc (Ba ) curves in Nb films (Ba . 2.5 T in Figure 7.1, Ba .
1.5 T in Figure 5.2 or Ba . 1.0 T in Figure 5.3) demonstrate a substantial “noisy”
deviation from the trend expected in critical state; a maximum of Jc is observed
at significant applied magnetic field Ba ' 2.5 T (a so called second magnetization
peak (SMP)). This deviation with second magnetization peak feature is governed
by a flux jump process [65, 66, 248, 249, 250, 251, 252] as discussed in Refs. [248,
253, 254, 255]. Position of SMP (BSMP ) corresponds to onset of critical state of
the superconductor. At Ba < BSMP the film is subjected to multiple local flux
jumps. Typically, these flux avalanches are stochastic and might form a dendrite
pattern during flux propagation (see Ref. [190, 256, 257] for reference). While each
avalanche event has only local impact and small effect on total magnetization, they
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Figure 7.1: Critical current dependence on applied magnetic field in Nb thin
film measured by VSM PPMS with dBa /dt = 5 × 10−3 T/s and different f and
A at T = 2.5 K and 3 K.

Large jumps in magnetization, temperature, ultrasonic attenuation, and resistivity have been observed in many superconducting materials since the early 1960s [65,
66]. The phenomenon of magnetic instability (or flux jumping or flux avalanches) is
associated with a transition of superconductors into undercritical state after magnetic flux rushes into the sample, often with catastrophic results for magnetization
or critical current. Flux avalanches in superconductors occurs due to one of following
types of developed instabilities:
• Thermo-magnetic critical instability (TMI), induced by a positive feedback between moving flux and the Joule heating coupled by a highly nonlinear voltagecurrent characteristic [65]. Flux avalanche models based on TMI are perturbation
analysis of thermal diffusion and Maxwell equations, which are solved simultaneously [190, 250, 258, 259].
• Self-organised critical (SOC) instability, arised in dynamical systems with extended spatial degrees of freedom (that can be represented by a pile of sand)
[260, 261, 262]. In SOC a vortex system, driven slowly by sweeping magnetic
field, naturally “organizes” itself into a self-organized marginally stable stationary state through scale-invariant avalanches which have a robust power-law size
127

7.1. INTRODUCTION
distribution P (a) ∼ a−τ (a is the size of the avalanche) [66]. The value of the
critical exponent τ is universal in the sense that it should be robust to changes in
the system.
Various techniques used to measure flux jumps can be classified as either global
or local [66]. The global techniques, including magnetometry, are sensitive to either
the amount of flux passing through the surface of the sample or the volume averaged
magnetic moment. The local techniques, such as a micro Hall sensors and arrays,
detect the flux density in selected regions with sub-micron spatial resolution and
can resolve the field from individual vortices [256]. The only technique that today
allows experiments with combined high spatial and temporal resolution is magnetooptical imaging [160, 258, 263]. The sensing element of magneto-optical imaging
is a strongly Faraday rotating film, which is places directly on top of the sample
under investigation. The imaging is done by shining polarized light through the film,
where reflection from a mirror, or the sample itself, gives the light a second pass that
doubles the Faraday effect. The light then contains a distribution of rotation angles,
corresponding to magnetic field variations across the face of the superconductor. A
comprehensive review of various techniques employed for study of flux jumps is given
in Ref. [66].
Flux avalanches of different types have been observed in various superconducting materials including high-temperature superconducting films [249, 264], MgB2
bulk [265] and films [190, 266], low-temperature superconducting NbN, Nb3 Sn [263]
and pure Nb. Interestingly, a particular mechanism of flux avalanches observed in
Nb films during magnetization measurements is not established, while generally it
is believed that these flux avalanches have a TMI nature [248, 253, 254, 255]. On
one hand a thermo-magnetic nature of dendrite avalanches, which are typically observed in thin films (including Nb thin films) via magneto-optical imaging (MOI),
is undoubtful [249, 267, 268, 269, 270, 271, 272, 273, 274]. Though, it should be
noted that experimental conditions during MOI (i.e. thermal coupling, magnetic
field sweep rate, range of available Ba ) differs drastically from one during magnetometery. In addition, certain inconsistency of TMI approach in description of
flux jump process in Nb film during magnetization measurements was discussed in
Ref. [248]. On the other hand, a signature of self organised criticality (SOC) in flux
avalanche process was explicitly demonstrated for Nb films [66, 256, 275, 276] and
Nb bulk geometries [277]. In this chapter an origin of the flux jump process in Nb
film during VSM magnetization measurements is discussed.
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Remarkably, vibration have a strong impact on a flux jump process during VSM
magnetometery, as shown in Figure 7.1. In particular, deviation of current in flux
jump region measured with maximum VSM settings (f = 40 Hz, A = 4 mm)
from one established by critical state and measured with minimum VSM settings
(f = 2 Hz, A = 1 mm) reaches a factor of ∼ 20.

7.2

Influence of vibration on Jc and magnetization

The Nb film of 450 nm thickness studied in this chapter (Figure 7.1) was deposited at
350 ◦ C on 5 × 5 mm2 STO substrate using the same magnetron sputtering technique
as for Nb film samples in Chapter 5. The film with relatively low Tc ' 8.3±0.1 K was
used in this chapter on purpose because it has substantially higher BSM P compare
to one with Tc ∼ 9 K (compare BSM P in Figure 5.2 and Figure 5.3 for reference).
High BSM P allows to obtain more detailed dependence of magnetization on Ba and
VSM settings. For the same purpose measurements were done at low T = 2.5 K
(BSM P is a decreasing function of T [248, 254, 255]).
In Figure 7.2 magnetization dependences on ascending and descending applied
magnetic field of Nb film measured by VSM PPMS at T = 2.5 K and dBa /dt = 5 ×
10−3 T/s from FC state with different VSM settings are presented (this data was used
for critical current calculation in Figure 7.1 employing Bean formula for rectangular
sample [112]). Flux jumps region at lower fields can be clearly distinguished from
critical state region at higher field by abrupt transition from “noisy” magnetization
with approximately linear dependence on field (Mf j (Ba )) to smooth magnetization
strongly decreasing with field at BSMP . Vibration affects flux avalanche process
in two ways (Figure 7.2): (i) vibration with enhanced frequency and/or amplitude
promote drop of Mf j (Ba ) (including magnetization of SMP (MSMP )), indicating
more often flux avalanche events, faster avalanches or larger size of avalanches (the
maximum reduction of Mf j (Ba ) induced by vibration reaches a factor of 20 at Ba '
2.2 T); (ii) threshold magnetic field between flux jump region and critical state
region (BSMP ) increases with both f and A, indicating an extension of instability
region by vibration. Evolution of BSMP and MSMP with f and A is illustrated
with green arrows in Figure 7.2. Behaviour of BSM P with f and A implies that at
constant Ba vibration can induce a transition from stable critical state with high Jc
to undercritical state governed by flux jumps with Jc reduced by factor of 50. Such
drop of magnetization/current induced by small frequency/amplitude vibration can
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Figure 7.2: Magnetization dependence on applied magnetic field of Nb thin film
at T = 2.5 K measured by VSM PPMS at dBa /dt = 5 × 10−3 T/s from FC
state with different A at f = 40 Hz (a) and with different f at A = 4 mm (b).
Evolution of BSMP and MSMP with f and A is illustrated with green arrows.

have a catastrophic consequences in application where such vibration can naturally
appear.
In order to characterise a variation of magnetization in a flux jump region and
BSM P with VSM settings it is necessary to understand an origin of flux jump process.
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7.3

Origin of flux jumps in Nb thin film during
magnetization measurements

7.3.1

Arguments against TMI

First, let‘s assume that flux jump process is governed by thermo-magnetic instabilities. A key parameter of TMI originated flux jumps is a dimensionless ratio of
thermal and magnetic diffusion coefficients [65, 190, 250, 258, 259]
τ0 = µ0 κσ/C

(7.1)

where κ is a thermal conductivity, σ is an electrical conductivity and C is a specific
heat. Parameter τ0 divides adiabatic regime (τ0 < 1) when rapid propagation of the
flux is accompanied by an adiabatic heating of the superconductor (i.e. there is not
enough time to redistribute and remove the heat released due to the flux motion)
from dynamic regime (τ0 > 1) when the spatial distribution of flux remains fixed
during the stage of rapid heat propagation.
In adiabatic regime (τ0 < 1) thin film superconductor is subjected to dendrite
flux avalanches (images of dendrite flux jumps in Nb can be found in Refs. [278,
279]) due to developed “fingering” instability within nonlocal electrodynamics [250,
258]. Thinner films demonstrate higher instability toward dendrite flux jumps. Nonlocal TMI approach applied for thin films in adiabatic regime have been successfully verified in series of works (see Refs. [190, 258, 280, 281]). Nevertheless, as
was noted by Mints [259], in standard VSM magnetization measurements the ratio
τ0 is extremely large for Nb superconductor (τ0 ∼ 105 ) mainly due to very high
electrical conductivity (κ(T = 4.2K) ∼ 10 W/Km; C(T = 4.2K) ∼ 103 J/Km3 ;
σ ≈ Jc /nEcr ∼ 1014 1/Ωm, where Ecr ∼ 10−5 V/m, Jc > 1010 A/m2 (see Figure 7.1)
and n ' 30 is a typical exponent used in power-law relation E ∼ J n ). Thus, it is
unlikely that flux jumps observed in Figure 7.2 are dendrite type of TMI jumps.
In dynamic approximation (τ0 > 1) instability towards uniform flux jumps dominate, but uniform instability can be developed only in case of poor heat transfer
from the superconductor [250, 258, 259]. This condition can be represented as
[250]: hτ0 < 1, where h ∼ h0 /d with h0 being a heat transfer coefficient in Newton
cooling law and d is a thickness of the film. Thus, uniform flux jump in dynamic
regime happens when heat transfer coefficient h0 is sufficiently small or thickness d
is large (for example in bulk Nb shown in Figure 5.5 of Nb foil in Ref. [268]). In
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our case a reasonable film heat coupling to the substrate (a heat transfer coefficient
h0 ∼ 103 W/m2 K [190, 268]) of thin film (d = 450 nm) and high τ0 makes thin
Nb film stable for uniform flux jump (i.e. hτ0 > 1). Thus, according to thermomagnetic criteria Nb thin film is completely stable towards TMI flux jumps during
VSM magnetization measurements.
Moreover, within TMI approach superconductor with smaller Jc is more stable
against flux jumps, i.e Mf j (Ba ) is an increasing function of critical current Jc (Ba )
and BSMP is a decreasing functions of Jc (Ba ) [280]. As was demonstrated, vibration of superconductor in critical state in VSM coil assists to depinning of vortices
(Figure 6.3 and Figure 6.5); reduction of Jc (Ba ) with f and A can be thought as effective suppression of pinning efficiency by vibration (see Figure 5.11 and Ref. [114].
This suppressing effect of vibration on Jc is also clearly observed in Figure 7.1 and
Figure 7.2 at B > BSM P . Hence, within TMI approach we would expect a reduction
of BSMP and enhancement of Mf j (Ba ) when f or A is increased, while a completely
opposite trend is observed in Figure 7.2.
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Figure 7.3: Dependences of slope of Mf j (Ba ) in descending magnetic field on
A at different f .

At last, dynamics of TMI avalanches depends on temperature. The size [258]
and speed [282] of each avalanche decreases with increasing temperature due to reduced critical current [258, 280] or decreased thermal gradients [283]. Reduction of
size/speed of avalanche events lead to increased Mf j (Ba ) (see for example Ref. [269]).
In general, Mf j (Ba ) in Figure 7.2 can be well approximated by linear dependence
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where the slope characterises the dynamics of avalanche process. In Figure 7.3 a
dependence of Mf j (Ba ) slope in descending magnetic field is shown as a function
of A at different f for T = 2.5 K and T = 3 K (note that Mf j (0) is constant for
all Mf j (Ba ) dependences). Figure 7.3 demonstrates that the slope is determined by
VSM settings and does not depend on T , despite significant difference in critical
current (Figure 7.1) and degree of possible thermal instability at 2.5 K and 3 K. It
indicates that the flux avalanche process is independent of temperature (independence of linear section of Mf j (Ba ) on T can also be found in Ref. [254, 255]), which
contradicts to expectations from TMI mechanisms.
Summarising, it is unlikely that flux jumps in Nb thin film originate from
thermo-magnetic instability due to following reasons: (i) superconducting and thermal properties of Nb film do not correspond to the criteria for TMI instability
(Eq. 7.1); (ii) Mf j (Ba ) decreases and BSM P increases when Jc is effectively reduced
by vibration (Figure 7.2), while an opposite behaviour is expected within TMI approach; (iii) dynamics of flux jump process (avalanche size and speed of propagation)
illustrated by the slope of Mf j (Ba ) (Mf j (0) is constant) is independent of temperature (Figure 7.3) when measured at any VSM settings, while Mf j (Ba ) is expected
to increase with temperature.
It should be noted that in general TMI models are the most successful in low
applied magnetic fields (where first avalanches occurs in partially penetrated samples) and for MOI measurements (where conditions are drastically different from
magnetization measurements). Some TMI models diverge when applied magnetic
field approach a field of full penetration of the superconductor [280, 190] (which
happens at Ba ∼ 0.1 T). In contrast, Nb thin film in this work is subjected to flux
avalanches in magnetic fields up to Ba ∼ 2.5 T during magnetization measurements
(Figure 7.2) which is far above full penetration field (note, that BSM P is well below
1 T in Ref. [248, 253, 254, 255]).

7.3.2

Arguments for SOC

An alternative mechanism for flux jumps is governed by self-organised criticality.
Flux avalanche process in superconducting Nb driven by SOC was observed in several
works (see for example Refs. [66, 256, 275, 276, 277]). In SOC a vortex system,
driven slowly by sweeping magnetic field, “organizes” itself into a marginally stable
stationary state through scale-invariant avalanches which have a robust statistics.
Mechanism of flux jumps within SOC can be simply represented by a dynamics
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of sand in a pile. SOC does not consider thermal nature of builded instability.
Thus, dynamics of SOC jumps is independent of temperature as demonstrated by
Figure 7.3. Moreover, avalanch dynamics of sand considers a certain response to
vibration. Horizontal or vertical vibrations of pile create additional alternating
acceleration acting on grains which effectively assist to “depinning” and propagation
of grains decreasing the critical slope of the pile Ref. [284, 285, 286, 287, 288,
289]. The critical slope decreases with amplitude and/or frequency of vibration.
As was discussed in section 5.6, vibration of a superconductor in a coil during
magnetization measurements creates small alternating currents due to nonuniformity
of magnetic field in a similar manner as alternating acceleration in sandpiles, which
assist to depinning and propagation of magnetic flux (Figure 6.3 and Figure 6.5).
Thus, dynamics of flux avalanches in Figure 7.2 and it’s response to vibration reveal
significant similarities to dynamics of sandpiles indicating that flux jump process
should be driven by SOC based mechanisms.
In terms of sand dynamics, the gradient of magnetic field in Nb sample is continuously mobilised throughout the measurement [286], which indicates a vortex
flow-like regime. Using this analogy the slope of magnetic field (Mf j ) is established
by dynamical friction vortices during their propagation:
Mf j (Ba ) = η(Ba )V (Ba )

(7.2)

a
/Ba is speed of vortex motion (l = 0.005 m is a transverse
where V (Ba ) = 2l dB
dt
size of the film) and η(Ba ) is a coefficient of dynamic friction (η includes pinning
force of avalanching vortex lattice as well as Bardeen-Stephen viscosity [3, 4]). The
dependence Mf j (Ba ) measured with f = 2 Hz and A = 1 mm is highly linear and
can be fitted with Mf j (Ba ) = (0.03464 − 0.00721Ba [T]) × 10−3 Am2 . Using this
expression coefficient of friction η0 can be calculated from Eq. 7.2.
Vibration assist to vortex propagation while the speed of vortex flow V (Ba ) is
essentially controlled by magnetic field sweep rate dBa /dt. Thus, vibration reduces
effectively coefficient of dynamic friction η in Eq. 7.2. In Figure 7.4 Mf j (Ba ) dependences averaged over ascending and descending field from Figure 7.2 are shown
measured with varied amplitude at f = 40 Hz and varied frequency at A = 4 mm.
Mf j (Ba ) in Figure 7.4 reflects the effect of vibration on η, which (i) is linearly proportional to amplitude of vibration, displayed by approximately linear decrease of
Mf j (Ba ) with increasing A at high Ba in Figure 7.4(a) as well as by dependence of
the slope on A in Figure 7.3 ); (ii) shows logarithmic-like decrease with frequency,
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revealed in Figure 7.4(b) by approximately linear decrease of Mf j (Ba ) with increasing f at low frequency and saturating at higher f0 & 35 Hz where curves start to
bunch-up (see also Figure 7.2(b) and Figure 7.3); (iii) depends on applied magnetic
field, indicated by a distinctive curvature of Mf j (Ba ) at Ba < 0.7 T measured with
high f /A in Figure 7.4.
A simple expression for coefficient of dynamical friction which satisfies to conditions above is:
η = η0 (1 − αAB x f ln (1 + f0 /f )/V (Ba ))
(7.3)
where B is an applied magnetic field normalized to 1 T (B = Ba /1T), αABax simply represents a possible distance of additional propagation of vortices induced by
vibration over one period 1/fef f = (f ln (1 + f0 /f ))−1 .
The form for effective frequency fef f was chosen to be similar to the form of
R t+2π/f 1
dt, where V (t) ∼ 1t ). The
average speed over the period of vibration 1/f (f t
t
expression B x /V (Ba ) in Eq. 7.3 provides a necessary dependence of Mf j on Ba for
fitting the curvature of Mf j (Ba ) at Ba < 0.7 T Coefficient α in Eq. 7.3 defines
the degree of Mf j reduction by vibration in Figure 7.4. The value 1/f0 indicates
a characteristic time necessary for magnetic field redistribution in superconducting
film. The entire expression αAB x f ln (1 + f0 /f ) at constant Ba can be simply interpreted as additional speed of vortex propagation induces by vibration on vortices
which move with the base speed V (Ba ) under constant applied current.
It is interesting to note, that the ratio f /V (Ba ) in expression 7.3 replicate a
scaling of the effect of vibration with frequency f with magnetic field sweep rate,
shown for Jc and irreversibility field of YBCO films discussed in Section 5.4.
Mf j (Ba ) data in Figure 7.4 is well fitted by Eq. 7.2 using coefficient of dynamical friction from Eq. 7.3 with α ' 2.9 × 10−8 m/mm, x ' 0.75 and f0 ' 35 Hz.
Expression for distance of vibration induced propagation αABa0.75 allows us to estimate a nonuniformity of magnetic field in a sample space during vibration: additional distance that vortices at the edge of the sample need to travel in order
to keep uniform flux distribution at Ba = 1 T when sample travels by distance
A = 4 mm is δ ∼ 1.2 × 10−7 m, which brings a nonuniformity of magnetic field
∼ δ/(l/2) ∼ 5 × 10−5 . This estimation is consistent with previous estimations
of nonuniformity of magnetic field in MPMS sample space [209] which can induce
so-called paramagnetic Meissner effect [210]. Importantly, such degree of nonuniformity is capable of generating additional alternating currents J ∼ 2 × 107 A/m2
considered in chapter 6 for simulations due to essentially nonlocal electrodynamics
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Figure 7.4: Mf j (Ba ) dependences averaged over ascending and descending field,
measured with varied amplitude at f = 40 Hz (a) and varied frequency at A =
4 mm (b). Lines show the fit by Eq. 7.2 with coefficient of viscosity Eq. 7.3 and
corresponding VSM settings.

of wide superconducting film in out-of-plane geometry, according to Refs. [160, 290]

7.4

Conclusion

In this chapter an origin of flux jumps in Nb thin films during magnetization measurements was studied employing VSM magnetometer. It was shown (Figure 7.2)
that magnetization in flux jump region is extremely sensitive to VSM vibration:
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vibration with higher f or A promote magnetization reduction due to flux jumps
(Figure 7.1 and Figure 7.2). The maximum drop of Mf j (Ba ) by a factor of 20 was
reached at Ba ' 2 T between magnetizations measured at f = 2 Hz, A = 1 mm and
f = 40 Hz, A = 4 mm. In addition an increase of BSM P with f and A is observed,
which implies that the drop of magnetization can reach a factor of ∼ 50 due to
vibration induced transition from critical state to undercritical flux jump mediated
state at Ba ' 2.5 T.
While it is commonly assumed that flux jumps in Nb films occurs due to thermomagnetic instability [248, 253, 254, 255], several evidences were presented which
indicate invalidity of TMI-based approach: (i) superconducting and thermal properties of Nb film do not correspond to the criteria for TMI instability (Eq. 7.1); (ii)
VSM vibration with enhanced frequency and/or amplitude decreases pinning efficiency and suppose to improve stability of the film against TMI flux jumps (i.e. it is
expected that Mf j (Ba ) will increase and BSM P will decrease with VSM f and/or A)
whereas an opposite behaviour is observed (Figure 7.2); (iii) dynamics of flux jump
process (avalanche size and speed of propagation) measured at any VSM settings
is shown to be insensitive to variation of temperature (Figure 7.3), while both size
and speed of TMI avalanche are expected to reduce with temperature enhancing
Mf j (Ba ).
In contrast, VSM measurements support an alternative approach for flux jumps
based on self-organised criticality (represented by a sandpile) due to: (i) independence of avalanche dynamics on temperature (Figure 7.3); (ii) response of critical
slope on external vibration, which decreases with f and/or A. A simple expression for fitting Mf j (Ba ) (Figure 7.4) was designed considering avalanche process in
a flow-like regime (Eq. 7.2) with coefficient of dynamical vortex friction effectively
being effectively decreased by vibration (Eq. 7.3). Fitting of Mf j (Ba ) allowed us to
estimate a nonuniformity of magnetic field in a sample space (∼ 10−5 ) which is in
agreement with estimations of other researchers.
In conclusion it should be noted that within SOC a nature of BSM P need to be
reestablished. In TMI approach BSM P signify a transition from thermally unstable
regime of flux jumps to thermally stable critical regime of pinned/creeping flux
emerging due to reducing critical current with field [280]. Within SOC BSM P can
signify a transition from SOC driven flux flow to critical state of pinned/creeping
flux when for example V (Ba ) becomes smaller than characteristic (critical) speed of
SOC flow.
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Another important question to study is a substantial asymmetry of flux jump
process when Mf j is measured in ascending and descending magnetic field, which
can be detected in different curvatures of Mf j (Ba ) (Figure 7.2). Moreover, in ascending magnetic field Ba . 1 T a reversed trend to one discussed in Figure 7.1,
Figure 7.2 and Figure 7.4 is observed: Mf j reveal a small growth with f and A (see
Figure 7.5). In sandpile dynamics such behaviour can be observed at small f and
A when vibration compact granular system and relax the friction contacts between
grains increasing the stability of the slope [287]. In superconductivity similar behaviour is observed in Vibrating Reed experiments in perpendicular magnetic field
[219, 220] and ac susceptibility measurements [224, 225], as discussed in section 5.6.
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Chapter 8
Conclusion
In first part of this work high temperature superconducting YBCO thin films and
hard ferromagnetic f ct-FePt have been fabricated by PLD. It has been shown that
the structure of these films can effectively and easily be controlled by the laser
frequency upon the deposition process. This approach offers the possibility to design
required physical properties at will via the accurate control of the corresponding film
structure.
The YBCO films possess a nontrivial response to structural changes of the films
as a result of laser frequency variation due to Stranski-Krastanov growth mode and
sophisticated chemical composition. AFM studies revealed that the island density
increased if the frequency was varied from 1 Hz to 8 Hz. Laser frequency increase
promotes the in-plane island growth and surface roughness/area decrease. The effective manipulation of the superconducting properties has been achieved by varying
the deposition frequency from 1 Hz to 8 Hz. The Tc transition and its width can be
maximised by reducing the deposition frequency down to 1 Hz. The density of the
pinning sites, described by the characteristic field B ∗ , is maximized by increasing
the deposition frequency. The increased pinning centres density (obtained at 8 Hz)
also enhance the critical current density at low temperatures and high magnetic
fields. At the same time, the higher superconducting critical temperature (achieved
at lower deposition frequencies) lead to higher Jc (Ba ) at high temperatures. In the
self-field region, the most optimal conditions for the Jc performance are obtained at
5 Hz.
In FePt thin films dramatic improvement (from the point of view of magnetic
properties) of the in-plane film structure has been achieved for the films with a
constant thickness by increasing the frequency. These structural changes contradict
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to the growth patterns and their models reported in the literature. A new model has
been proposed to explain this behaviour. The model considers the specific geometry
of the FePt film islands: for a substantial film coverage, the islands are considered
to have rectangular cross-sections with identifiable out-of-plane oriented sidewalls
parallel to the incident ablated material. This governs a slower in-plane growth
compared to the out-of-plane growth. The model proposed provides quantitative
agreement with the experimental results. The in-plane growth rate has been shown
to decrease with increasing frequency, leading to the smaller individual islands at a
certain thickness (in contrast to YBCO films where laser frequency increase promotes
in-plane growth and surface roughness/area decrease). Obviously, by increasing the
laser frequency islands are prevented from impingement for certain thicknesses with
the neighbouring islands proportionally to the slower in-plane growth rate.
The effective manipulation of the structural changes of FePt films, described
quantitatively, provide a strong impact on ferromagnetic properties. By the 6-fold
variation of the frequency (from 1 Hz to 6 Hz), the 20-fold variation in the coercive
field (from 0.2 T to 4.6 T at room temperature, respectively), reduction of dipoledipole interaction between FePt islands by factor of 2 and change of demagnetization
mechanism were obtained in the FePt thin film in spite of the relatively low vacuum
used in deposition chamber.
All of these physical property manipulations were achieved in the films of the
same thickness as a result of the structural modification response to the deposition
frequency variation. The frequency of PLD technique emerges as a powerful and
promising tool for effective tuning the physical properties in functional thin films of
different types, having in mind their particular applications.
In second part of this work critical current of deposited YBCO films was extensively studied
The model for critical current density in YBCO thin films based on the pinning
of flux line lattice on out-of-plane edge dislocations (distributed along the domain
walls) and Kim-Anderson vortex creep has been outlined. One of the benefits of
the model is the existence of an analytical equation for the critical current for the
whole range of magnetic fields (Eq. 4.11). Another advantage of the model is that
it involves the electric field criterion of the corresponding measurement technique.
This criterion enables the qualitative and quantitative comparison of experimental
data obtained by different techniques. The transport current technique, as well
as magnetization measurements in quasi-equilibrium regime (MPMS) and dynamic

140

regime (PPMS VSM) have been analysed at two elevated temperatures. The model
has successfully been verified in the case of the transport and MPMS magnetization
measurements. For these techniques, the values of the electric field criteria obtained
within the model are well consistent with the experimental ones. The evolution
of the fitting parameters with increasing temperature (Table 4.1) showed that the
vortex-dislocation interaction becomes weaker. Possible reasons for the deviation
of the calculated curves from the experimental data have been discussed in terms
of a changing pinning landscape and pinning properties under changing external
conditions.
An attempt to verify the model with VSM PPMS measured data revealed an
unexpected behaviour of critical current dependence on applied magnetic field. The
large difference between the model and experimental Jc (Ba ) curves observed for
PPMS VSM magnetization measurements could not be explained by the model,
unless the frequency of the superconducting sample vibrations is considered. These
vibrations have exhibited significant influence on Jc and require a further analysis
to understand and explain the VSM behaviour observed.
Further, a phenomenological analysis of vibration effect on behaviour of superconductor was done. It was shown, that the vibration affects critical currents of all
possible types of superconductors during their measurement employing VSM magnetometer; both vibration frequency and amplitude enhancement lead to progressive
reduction of critical current density with magnetic field. Results obtained for different bulk materials and thin films can be summarised as follows: (i) the vibration
of the superconductor affect the critical current density of superconducting samples
regardless geometry of the sample, vortex pinning properties or measurement temperature, the effect progresses with applied magnetic field; (ii) the vibration effect
is more intense for thin films, it start to take place at smaller magnetic field and
relatively higher critical current densities; (iii) vibration develops kinks on Jc (Ba )
curves in thin films, indicating certain vortex state/motion disturbance, the kinks
become more pronounced with frequency and/or amplitude enhancement; (iv) different trends of Jc (Ba ) response on frequency variation are revealed for bulk materials
and thin films: in bulk materials Jc (Ba ) curves progressively degrade faster with
increasing frequency whereas in thin films the curves degrade rapidly at low frequencies and then bunch up at higher frequencies; (v) sample vibration affect the
flux jumps process during magnetization measurement.
Analysis of magnetization curves measured for YBCO thin films showed that the
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responses of magnetic moment to changes in frequency and amplitude are qualitatively different. The study of raw magnetic moment dependence on applied magnetic
field measured at different VSM settings revealed the asymmetry of vibration effect
on ascending and descending magnetic field branches, indicating uneven states of
vortex lattice in these two branches. Vibration with increased frequency narrows
hysteresis loop to certain reversible (Meissner) magnetization dependence Mr (Ba ).
The approach of hysteretic magnetization to Mr (Ba ) is significantly faster when
frequency is varied at larger amplitude. Enhanced amplitude and frequency reduce Mr (Ba ) noticeably, indicating certain thermal response of superconductor to
vibration.
Analysis of relaxation saturation confirmed that vibration with increased amplitude enhances temperature of the superconductor; at large vibration amplitude
temperature can be an increasing function of frequency. Relaxation measurements
showed that the effect of vibration in general can be thought as a decreasing pinning
potential with both frequency and amplitude (Figure 5.11). Thermal response to
vibration is one of the reasons for pinning potential decrease, because both pinning
potential (Eq. 4.10) and depinning probability (Eq. 4.8) are temperature dependant.
Critical current measurements with magnetic field sweep rate proportional to
vibration frequency (Figure 5.12) revealed an effect of vibration on vortex dynamics:
vibration frequency effect should be considered only in correlation with speed of
vortex motion. Thus, thermal response is not the only reason for decreased pinning
potential.
Additionally it was demonstrated how a technically defined irreversibility field
∗
Birr can be a useful single value characteristics reflecting the vibration effect on entire
∗
Jc (Ba ) dependence. Function Birr
(f, A, dBa /dt) (Eq. 5.4, Table 5.1 and Table 5.2)
capture logarithmic decay of Jc with frequency due to vibration impact on vortex
dynamics, correlation of vibration frequency with the speed of vortex propagation
(f ∼ dBa /dt), variation of vortex dynamics and possible heating effect introduced
∗
by enhanced vibration amplitude. Birr
(f, A, dBa /dt) dependence (Figure 5.13, Figure 5.14) have a potential for practical application. First of all, it shows expected
nominal Birr (f = 0, A = 0) corresponding to electric field criteria established from
magnetic field sweep rate while the actual measurement can be performed with any
VSM settings. Furthermore Figure 5.13 and Figure 5.14 allow to describe pinning
properties with Kramers plots [183, 184, 185, 186, 187] or to model Jc [161, 162]
∗
employing Birr
corresponding to any vibration frequency, amplitude and magnetic
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field sweep rate. On the other side, it is possible by describe Jc (Ba , f, A) using the
∗
∗
model directly but employing “instrumental” electric field criteria Ecr
[114]. Ecr
can
∗
be obtained from Figure 4.8(b) using Birr . For example, within the frequency range
∗
∼ 10−9 V/m. Note, that
from 60 Hz to 40 Hz (VSM default frequency), the Ecr
∗
is only a technical parameter that does not correspond to dBa /dt; according to
Ecr
relaxation measurements (Figure 5.11) the appropriate approach for Jc description
with the model (4.11) is a modification of pinning potential (4.10) and adjustment
the temperature due to vibration effect.
Conclusions presented above imply that vortex behaviour is responsible for the
frequency dependence observed. The effect of vibration on critical current and
∗
irreversibility field (Birr
) is governed by thermal and magnetic fluctuations of vortex
structure in oscillating superconducting sample. The role of thermal fluctuations
is relatively small: estimation of possible temperature enhancement induced by
vibration does not exceed 1 K. Magnetic fluctuations promote relaxation of vortex
lattice in sweeping magnetic field, degrading the critical current. The mechanism of
forced relaxation should be similar to “vortex shaking” mechanism where magnetic
periodic perturbations create local ac currents and “shake” vortices out of pinning
centres [217, 215, 213, 216, 181].
In order to understand a microscopic nature of vibration effect on YBCO film,
a behaviour of vortices in 300 nm YBCO film in 1 T and 2 T of applied magnetic
field and 77 K were simulated employing Langeving molecular dynamic simulation.
The effect of vibration on vortices was modelled as a small periodic coherent shaking
force. In general, results of simulations confirmed a dominating role of out-of-plane
dislocations of relatively low density in establishing the critical current of YBCO
films; weak pinning centres of much higher density have only marginal effect. Depinning currents obtained in simulated magnetic fields without vibration are in a good
agreement with critical currents measured by VSM. At 1 T vibration makes interaction of vortices with weaker pinning centres completely negligible, while pinning on
out-of-plane dislocations still is effective. Vibration reduces the depinning current
and builds a prerequisite for peak effect behaviour of I-V characteristic driven by
vortex lattice order-disorder transition. Shaking of vortices in 2 T decreases depinning current more substantially than at 1 T, assisting to depinning from all kinds
of pinning centres including dislocations. In addition, shaking promotes a peak
effect behaviour of I-V characteristic, but unlike at 1 T vortex lattice remains completely ordered, matching to positions of dislocations. Probably, this matching-like

143

behaviour of is responsible for switching the Jc (Ba ) trend at magnetic field of the
kink (Figure 6.1) developed by vibration of YBCO film.
While studying vibration effect on Jc (Ba ) of various superconductors, an effect
of vibration on magnetization of Nb film in flux jump region was noticed. It was
shown (Figure 7.2) that magnetization in flux jump region is extremely sensitive to
VSM vibration: vibration with higher f or A promote magnetization reduction due
to flux jumps (Figure 7.1 and Figure 7.2). In addition an increase of BSM P with f
and A is noticed, implying a vibration induced transition at high Ba from critical
state with high Jc to undercritical flux jump mediated state. While it is commonly
assumed that flux jumps in Nb films during magnetization measurements occurs due
to thermo-magnetic instability, VSM measurements support an alternative approach
for flux jumps based on self-organised criticality (represented by a sandpile). A simple expression for fitting magnetization of Nb in flux jump region (Figure 7.4) was
designed considering avalanche process in a flow-like regime (Eq. 7.2) with coefficient of dynamical vortex friction effectively being effectively decreased by vibration
(Eq. 7.3). Fitting of Mf j (Ba ) allowed to estimate a nonuniformity of magnetic field
in a sample space (∼ 10−5 ) which is in agreement with estimations of other researchers and is consistent with one used for simulation of vibration effect in YBCO
film. Within SOC approach a nature of BSM P need to be re-established and a substantial asymmetry of flux jump process when Mf j is measured in ascending and
descending magnetic field (Figure 7.2) need to be understood.
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